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Abstract
Inductively coupled plasma-mass spectrometry (ICP-MS) is a comparatively new 
technique which in the last few years has been increasingly used for the analysis of 
biological samples. The multi-element capabilities of ICP-MS have been demonstrated 
for the analysis of several biological fluids including serum, whole blood and urine. 
This thesis evaluates the use of ICP-MS for the routine trace element analysis of 
cerebrospinal fluid (CSF).
Although it is possible to introduce CSF directly into the pneumatic nebulizer of the 
ICP-MS a wet digestion method, using nitric acid with microwave or water bath 
heating, has been assessed in view of the safety precautions required when handling 
CSF (Appendix I). International standard reference material NIST SRM-909 Human 
Serum was used to test the validity of this procedure. The results obtained were 
comparable to the certified data for the elements Ca, Cr, Cu, Fe and Mg, Additionally 
Rb and Zn results agreed with other literature values. Good recoveries (92 to 105 %) 
were obtained for the addition of Ca, Cu, Fe, Mg, Rb, Sr and Zn to CSF. Other 
elements were below the detection limit in the non-spiked CSF.
A preliminary study of 163 CSF samples, obtained from patients undergoing routine 
lumbar punctures, gave elemental concentrations within the literature range. For 
multi-element scan mode many of the elements lay below the detection limit: Cd, Co, 
Sc, Sn and V at concentrations less than 1 ng ml'1 and Hg less than 2 ng ml'1. The 
reported values for Ba, Cs, Pb and Sb were less than 1 ng ml'1. Elemental 
concentrations for Al, Cu, Rb, Sr and Zn were in the ng ml'1 range and Mg, P, Ca 
and Br in the pg ml'1 range. However, as a result of the lumbar puncture procedure 
only small sample volumes of CSF were obtained (from 0.4 - 1.5 ml). Thus two 
sample volumes were used in the analysis 0.2 and 1.0 ml. The 1.0 ml sample volumes 
gave significantly lower elemental concentrations at the 95 % confidence limit than 
the 0.2 ml volumes for the elements Mg, P, Ca, Cu and Br. These differences were 
not attributable to sample heterogeneity or pipetting errors. As a result of this and due 
to the necessity of changing ICP-MS instruments during this study the analytical
performance o f the ICP-MS was assessed.
Detection limits at the ng ml'1 level were obtained for most elements. The 
instrumental accuracy was checked by analyzing NIST SRM 1643b Trace Elements 
in Water which gave comparable results to the certified data for V, Cr, Mn, Co, Zn, 
Cu, Cd and Pb. A linear dynamic range from 1 ng ml'1 to 5 /xg ml'1 was established 
for the elements analyzed.
It was found that the analytical performance of ICP-MS was impaired by the 
introduction of matrix elements (Na, K, Ca, Mg, P and Br). Some spectral 
interferences were caused by the addition of these matrix elements, for example 
40Ar23Na+ on 63Cu+. However, suppression and enhancement of the analyte signals 
were observed depending on instrument operating parameters, such as nebulizer flow 
rate (NFR). As a result of these studies the optimum NFR for analyzing biological 
fluids (such as CSF and serum) was determined to be between 700 and 950 ml min'1. 
Although this NFR range did not provide the maximum analyte signal particularly for 
the low mass analytes, it did limit the spectroscopic and non-spectroscopic 
interferences. Preliminary studies in synthetic solutions showed that it was possible 
to correct for the matrix interferences with internal standards of similar mass to the 
analyte element.
Several methods for correcting spectroscopic interferences were attempted: internal 
standards; standard addition; sample dilution; isotope dilution mass spectrometry and 
matrix matched standards. No one method was successful for all elements. Several 
elements could be determined namely, Mg, Rb, Cu and Sr and others depending on 
instrument fluctuations, blank contamination levels and their level in a particular CSF 
sample. These determinations could not be thought of as routine as correction 
procedures for the data varied from day to day as a result of instrument instability and 
signal drift, perhaps caused by the sample matrix. This study highlights the difficulty 
of using pneumatic nebulizer ICP-MS for the routine multi-element analysis of CSF.
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1,1 Cerebrospinal Fluid
1.1.1. Function, Composition and Origin
Cerebrospinal fluid (CSF) bathes the brain and spinal cord and tends to reflect the 
state of health and activity of the central nervous system (CNS). CSF examination is 
the most direct and popular method of assessing the central chemical and cellular 
environment in the living patient or mammal [Wood, 1980].
One of the main functions of CSF is to protect the brain and the rest of the CNS 
against injury. The fluid serves as a shock-absorbing medium to protect the brain and 
spinal cord from jolts that would otherwise cause them to crash against the bony walls 
of the cranial and vertebral cavities. This fluid also buoys the brain so that it ’floats’ 
in the cranial cavity. CSF circulates through the subarachnoid space around the brain 
and spinal cord (the area between the arachnoid and pia mater) and through the 
ventricles of the brain. [Tortora and Anagnostakos, 1987]. This is shown in Figure
1.1.
The entire CNS contains between 130 and 150 ml of CSF [Iyengar, 1989]. It is a 
clear, colourless fluid of watery consistency. Chemically it contains proteins, glucose, 
urea and salts. It also contains some lymphocytes. The protein content is low, ranging 
from about 15 to 55 mg per 100 ml of CSF, compared to other body fluids, such as 
blood plasma with a protein content of 6500 to 7500 mg per 100 ml. About 80 % of 
the protein is albumin and the remainder globulin. The amount of protein varies from 
the region from which the fluid is drawn. Ventricle fluid contains less protein than 
fluid from the cisterna magna, and the latter contains less than lumbar fluid. 
Fibrinogen is absent thus CSF does not coagulate. CSF contains 0 to 5 cells per cubic 
millimetre and in a high percentage of cases no cells are present [West et al., 1967]. 
Table 1.1 shows the biochemical composition of CSF. The other main function of 
CSF is to deliver nutritive substances, filtered from blood, to the brain and spinal 
cord, and to remove waste and toxic substances produced by the brain and spinal cord 
cells.
2
Cerebrum
Intermediate
mass, Corpus callosum
Great cerebral vein
Cerebellum
Straight
Arachnoid villus
Superior cerebral
vein ^
Subarachnoid space 
of brain
Superior 
sagittal sinus
Cranial meninges
r / \ \ \ Pia mater
\  \  \  Arachnoid
\  \  Dura mater
\  Third ventricle 
Choroid plexus of 
third ventricle 
Lateral aperture
sinus
Cerebral aqueduct
Spinal cordChoroid plexus of 
fourth ventricle
Fourth ventricle
Pia mater
ArachnoidMedian aperture
Dura mater
Central canal
Choroid plexus of 
lateral ventricle
Lateral ventricle
Interventricular
foramen
Spinal meninges
space 
of spinal cord
-Filum terminale
Figure 1.1 Brain, Spinal Cord and Meninges. Arrows Indicate the Direction of 
Flow of the Cerebrospinal Fluid.
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Table 1.1 Approximate Amounts or Ranges for a Number of Substances in CSF
Substance Concentration average value or 
range
Protein (g 100 ml'1) 0.028
Albumin (g 100 ml'1) 0.015
Globulin (g 100 ml'1) 0.013
Fibrinogen (g 100 ml'1) 0
Amino Acids (mg 100 ml'1) 7.5
Total Lipid (mg 100 ml'1) Very Low
Cholesterol (mg 100 ml'1) Trace
Fatty Acids (mg 100 ml'1) 1 -3
Creatinine (mg 100 ml'1) 1.2
Urea (mg 100 ml'1) 10 - 15
Glucose (mg 100 ml'1) 47 - 78
Sodium (mg 100 ml'1) 345
Potassium (mg 100 ml’1) 11 - 16
Calcium (mg 100 ml'1) 4.5 -5.2
Chloride (mg 100 ml’1) 420 - 450
Phosphorus inorg. (mg 100 ml'1) 1.2-2.1
C02 content (vols. %) 40 - 60
pH 7.35 - 7.40
Water (g 100 ml'1) 98.3 - 99.2
Primarily CSF is formed by filtration and secretion from networks of capillaries, 
called choroid plexuses, located in the ventricles. Various components of the choroid 
plexuses form a blood - cerebrospinal fluid barrier that permits certain substances to 
enter the fluid but prohibits others, protecting the brain and spinal cord from harmful 
substances. The fluid formed in the choroid plexuses of the lateral ventricles 
circulates through the interventricular foramina to the third ventricle, where more 
fluid is added by the choroid plexus of the third ventricle. It then flows through the
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cerebral aqueduct into the fourth ventricle. Here there are contributions from the 
choroid plexus of the fourth ventricle. The fluid then circulates through the apertures 
of the fourth ventricle into the subarachnoid space around the back of the brain. It 
also passes downward to the subarachnoid space around the posterior surface of the 
spinal cord, up the anterior surface of the spinal cord, and around the anterior part 
of the brain. From there it is gradually reabsorbed into the veins. Most of the fluid 
is absorbed into the superior sagittal sinus. The absorption actually occurs through 
arachnoid villi - fingerlike projections of the arachnoid that push into the dural venous 
sinuses, especially the superior sagittal sinus. Figure 1.2 summarizes the formation, 
circulation and absorption of CSF. [Tortora and Anagnostakos, 1987].
The average rate of CSF production is calculated at approximately 500-600 ml per 
day. Thus the total CSF volume is renewed every 5-7 hours. The choroid plexus 
accounts for approximately 70 percent of the CSF production, the rest being from the 
capillary bed and metabolic water production [Wood, 1980].
In 1938, Flexner compared the chemical composition of plasma with that of CSF and 
observed higher concentrations of sodium, chloride and magnesium but lower 
concentrations of potassium, bicarbonate, calcium, phosphate, and glucose in CSF. 
This led him to suggest that CSF could not be formed entirely as an ultrafiltrate of 
plasma and that active processes must account for these concentration differences. 
The concentration of these constituents is dependent on sampling sites, since 
diffusionary exchanges do occur during the passage of CSF through the ventricles and 
subarachnoid spaces [Flexner, 1938].
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Figure 1.2 Summary of the Formation, Circulation, and Absorption of 
Cerebrospinal Fluid.
1.1.2. Cerebrospinal Fluid as a Biological Monitor of Disease
The technique of obtaining CSF has been applied only by neurologists and 
neurosurgeons almost to the present time. A 12.5 cm needle is inserted into the 
lumbar region (lumbar puncture), or a shorter needle into the top of the neck, or 
directly into the brain chambers through a hole in the skull (ventriculography). Fifty 
years ago this procedure was regarded as something highly specialised but nowadays 
such tests may not be regarded as more difficult or more specialized than many 
modem procedures [Gooddy et al., 1992]. Neurologists and neurosurgeons have, 
until quite recently, been mainly concerned with multiple sclerosis (MS), infections, 
leaks of blood into the CSF, or alterations of the CSF protein pressure which may 
indicate the presence of a tumour. With few exceptions, routine chemical studies of 
CSF have not so far made use of more elaborate chemistry than the estimation of 
sodium, potassium, chlorine, total protein and glucose.
1.1.3. Neurological Diseases and Trace Elements
It is generally recognised that neurological diseases are often accompanied by 
disturbances in the CSF concentration of such metals as sodium, potassium, 
magnesium and iron. Less well known is the fact that there are disturbances in the 
content of other trace metals such as copper, zinc and manganese. Few investigations 
have been made on the occurrence of these substances in brain tissue and there are 
still fewer investigations of their presence in CSF. The importance of trace elements 
in the physiology and pathology of the central nervous system (CNS) is well 
established [Bogden et al., 1977]. During certain diseases that affect the meninges 
or the CNS, or both, the CSF may change significantly in physical characteristics, 
cytological constituents and chemical content. Careful examination of the CSF in such 
situations may be useful in differential diagnoses [Bogden et al., 1977].
Neurochemical and neurophysical evidence indicates that trace elements markedly 
affect the metabolism of neurotransmitters in the brain. Zinc, copper, lead, 
manganese and mercury all alter adenylate neurotransmitter metabolism [Walton et 
al., 1976]. Furthermore, alterations in manganese concentrations have been shown 
to profoundly influence the metabolism of dopamine [Cotzias et al., 1974 and 1976].
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In the search for the aetiology and pathogenesis of multiple sclerosis, some interest 
has been expressed in the role of zinc and copper [Palm and Hallmans, 1982a]. 
Attempts have also been made to establish a possible role for trace elements in motor 
neurone disease. Spinal cord tissue lead, copper, iron and manganese have been 
shown to be raised in patients with motor neurone disease compared with controls 
[Kurlander and Patten, 1980], Mitchell et al. [1984] demonstrated reduced cobalt 
concentrations in the CSF of patients with motor neurone disease. Low values of 
copper were found by Ward et al. [1988] in patients suffering from multiple sclerosis 
and motor neurone disease; whereas increased copper concentrations were found in 
patients with Wilson’s disease [Mc Call et ah, 1971]. Other disorders in which raised 
CSF copper levels have been found are cerebral infarction [Bogden et ah, 1977] and 
Huntingtons chorea [Mc Call et ah, 1971].
In neurosyphilis high iron levels in the CSF have been found [Lehmann and Krai, 
1952]. The same authors have also found reduced iron levels in Parkinsonism. This 
finding was verified by Ward et al. [1988]. Other investigators have reported 
increased values for the CSF iron content in pernicious anaemia [Tramontana, 
1948]. A neurological disorder similar to Parkinson’s disease has been observed in 
humans after prolonged chronic exposure to manganese [Mena et ah, 1967].
Elevated aluminium levels have recently been linked to Alzheimer’s disease [Crapper 
et ah, 1976; Perl and Brody, 1980]. Lead, mercury and cadmium are well known 
neurotoxins [Dreosti and Smith, 1983].
1.2. Measurement of Trace Elements in Cerebrospinal Fluid
There are fewer than 100 literature references pertaining to the determination of trace 
elements in CSF. A great majority of the earlier studies, as one would have expected 
concentrated on more easily measured elements for example, Ca and Mg [Cohen, 
1927; Hunter, 1959; Hunter and Smith, I960]. Cohen [1927] studied concentrations 
of M g  in samples of blood serum and CSF taken concurrently from living human
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patients. Samples taken from post-mortem patients were compared to these values. 
In general the CSF Mg values were found to be greater than the serum Mg values. 
After death the Mg values were found to increase in both fluids. Several authors have 
cited this work validifying the findings in serum compared with CSF although none 
have repeated the work in post-mortem patients.
There are several studies in the literature that concentrate on a few elements such as 
Na, Mg, Ca, Cu and Zn. These elements are generally measured by titration or 
spectroscopic methods which include ultraviolet/visible (uv/vis) spectroscopy, flame 
photometry (FP), flame atomic absorption spectrometry (FAAS) and graphite furnace 
atomic absorption spectrometry (GFAAS). Although GFAAS and flow-injection A AS 
(FIAAS) have been used to determine as many as 8 elements in one sample these 
were not determined simultaneously [Burguera et al., 1986; El-Yazigi et al., 1992]. 
Neutron activation analysis (NAA) although available for multi-element studies has 
been used to determine only a few elements simultaneously in CSF [Kjellin, 1968 
and 1981].
More recently several multi-element studies have been carried out using techniques 
capable of measuring several elements from one sample of CSF simultaneously. The 
earliest of these studies was by Gooddy et al. [1974 and 1975] in which the CSF of 
27 patients was examined using spark source mass spectrometry (SSMS). Since then 
a report by Hershey et al. [1983] using inductively coupled plasma-optical emission 
spectrometry (ICP-OES) gave information regarding 19 elements in CSF, although 
several of the elements reported were at levels below the detection limits. Similarly 
using ICP-OES Bourrier-Guerin et al. [1985] reported values for 13 elements in CSF 
using a 1:4 dilution with dilute hydrochloric acid. Using inductively coupled plasma- 
mass spectrometry (ICP-MS) Ward et al. [1988] reported 34 elemental concentrations 
in CSF. The main techniques used for analysis of CSF have been mentioned above 
with the exception of proton-induced x-ray emission (PIXE) which was used by 
Lapatto et al. [1988] to measure 47 samples for 6 elements, but which concentrates 
mainly on the major electrolytes. In general, with the exception of sodium, and those 
elements where only a few measurements have been made, there are wide variations
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in the reported literature values. Although within each study the standard deviations 
or ranges of results, where given, are generally large compared with other biological 
matrices such as blood serum, this does not account for the great range of values 
presented. Factors such as contamination, sample preparation, disease grouping and 
lack of quality control may all have contributed to the wide variations in the results 
seen in the literature [Versieck and Cornells, 1989].
1.3. The Use of Inductively Coupled Plasma-Mass Spectrometry for 
Analysis of Biological Samples
Inductively coupled plasma-mass spectrometry is a relatively new technique for trace 
element analysis. Commercial instrumentation became available in 1984 when VG 
Isotopes Ltd. (now Fisons Elemental Ltd., UK) and Sciex Inc. (now Perkin Elmer 
Corp. USA) supplied their first ICP-MS instruments, respectively the PlasmaQuad 
and the Elan. There are now a further three competitors in the ICP-MS market; Seiko 
Instruments with their SPQ 6100 ICP-MS; Yokogawa Model PMS 100 ICP-MS and 
the Finnigan Mat SOLA ICP-MS.
Inductively coupled plasma-mass spectrometry used for trace element analysis has 
several advantages. The method offers the possibility of multi-element analysis with 
excellent detection limits (typically sub ng ml'1), a broad linear range (from four to 
ten orders of magnitude depending on the make of instrument), a high sample 
throughput, simple spectra (compared to optical spectroscopy), and information about 
isotope ratios. Therefore, it attracts the attention of many trace element researchers, 
especially those who are involved in the analysis of biological materials. Since the 
introduction of the commercial instruments the proportion of papers showing the 
application of ICP-MS to biological samples has been steadily increasing [Morita,
1990].
There are several methods of solid and liquid sample introduction into the ICP-MS. 
These were presented in a recent review of the subject area by Abou-Shakra [1991].
10
The main alternatives to the pneumatic nebuliser for solution sampling are 
electrothermal vaporisation (ETV) and flow injection analysis (FIA). The use of laser 
ablation ICP-MS (LA-ICP-MS) is a possibility for direct solid sampling. The ETV 
and LA sampling systems are now commercially available methods for sample 
introduction. Sample introduction is an area in which much research is being 
undertaken. However, to date, most of the more ’routine’ studies are being carried 
out using the pneumatic nebuliser.
The variety of biological matrices analyzed is large. Direct nebulisation ICP-MS is 
ideally suited to the direct introduction of fluids. However, most biological fluids 
contain large concentrations of proteins that cause problems such as blockage of the 
pneumatic nebuliser, the central injector tube, the torch and the sampling orifice. One 
solution to reduce the effects of proteins is dilution of the sample with a solvent. 
Although sample dilution may reduce the precision of the measurements as they 
approach the detection limits, it should not have a great influence on the performance 
of ICP-MS because most elements have reported detection limits below 1 ng ml'1 
[Gray, 1989]. Sample dilution has been applied to the analysis of serum [Vanhoe et 
al., 1989a, 1989b and 1991; Vandecasteele et al., 1990a and 1990b] for the 
elements Li, Fe, Co, Cu, Zn, Br, Rb, Sr, Mo and Cs; urine [Mulligan et al., 1990; 
Allain et al., 1990] for Cd, Sb, Hg, Br and I; I in milk [Baumann, 1990]; and a 
multi-element study of human breast milk [Durrant and Ward, 1989].
The analysis of solid biological samples generally requires the sample to be 
transformed into a liquid medium by an appropriate digestion procedure. Acid 
digestion or wet ashing is probably the most popular technique for the preparation 
of biological samples for trace element analysis. Oxidation is carried out by H N O s, 
HC104 and H 2S04 acid in various combinations and sometimes with H 202 and HF at 
temperatures up to 200°C. Heating is achieved by hot-plates, water or sand baths. For 
ICP-MS analysis H N 0 3 is the acid of first choice, as it produces the fewest 
polyatomic interferences [Gray and Williams, 1986]. This technique has been 
employed by several researchers: Lyon et al. [1989] for the analysis of human 
autopsy tissue; Paul et al. [1989] for the analysis of standard reference material NIST
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1SRM-1566 Oyster Tissue, NIST SRM-1567 Wheat Flour and NIST SRM-1571 
Orchard Leaves; and Yadegarian Hadji Abadi and Ward [1987] for foetal brains. 
Disadvantages of the open digestion method include the use of large volumes of acid 
which introduce high blank levels; contamination due to the laboratory environment; 
loss of analyte by volatilization during the heating process (e.g. As, Se, Hg and Pb) 
and in addition, the technique is time consuming, taking as long as 8 hours to afford 
dissolution of the solid.
The wet ashing of organic matter utilising a teflon digestion vessel contained in a 
stainless steel bomb is a further method of solid sample preparation. Such vessels 
enable material to be taken up into solution above atmospheric pressure (and 
consequently at elevated temperatures) without analyte loss in the vapour. The 
digestion vessels are heated in an oven. However, Ward [1987] reported a violent 
explosion caused when utilising these digestion vessels for the analysis of baby milk 
food. Several authors are now employing acid digestion in a PTFE bomb in a 
microwave oven which speeds up the heating stage of the reaction. The high internal 
pressure which then develops ensures rapid digestion without any loss of analyte. No 
acid is lost during digestion so the acid consumption can be limited and the blank kept 
minimal. Airborne contamination is also eliminated. The digestion vessels are 
supplied with a pressure release valve to avoid explosions. In several cases H N 0 3 is 
sufficient for the dissolution. The combination of microwave digestion and analysis 
by ICP-MS has been used by several groups; Vanhoe and Dams [199.1] in various 
biological reference materials; Beauchemin et al. [1988] in marine biological materials 
and Friel et al. [1990] in the analysis of NIST SRM-1566 Oyster Tissue, NIST SRM- 
1577a Bovine Liver and IAEA H-4 Animal Muscle reference material. Several 
authors prefer to utilise a wet oxidation digestion technique for biological fluids, 
similar to that employed for solids, as it reduces the time required for cleaning the 
instrument and improves the instrument stability [Abou-Shakra et aL, 1989].
In addition to the measurement of elemental concentrations, ICP-MS provides a useful 
method for the measurement of isotope ratios. This has two main uses in isotope 
dilution analysis and in stable isotope ratio-tracer studies. The former method uses
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1an artificially enriched isotope as an internal standard. Since the isotope ratio is 
precisely determined by ICP-MS, the concentration of elements in the original matrix 
is determined precisely when an appropriate amount of isotope is spiked. Isotope 
dilution analysis has been used in several studies which are outlined further in section
4.1.5. Before the introduction of ICP-MS for stable isotope tracer research studies 
of trace element bioavailability were limited because such studies require the 
application of isotopic techniques. The accepted isotopic methods involve the use of 
radio-isotopes which cause internal exposure to radiation and, in some cases, pose 
ethical problems. Much effort has been expended in developing suitable tracer 
methods based on non-radioactive stable isotopes. Determination of stable isotope 
ratios can be carried out using techniques such as spark source mass spectrometry, 
fast atom bombardment mass spectrometry and thermal ionization mass spectrometry, 
where measurement is complex, time consuming and sample preparation often 
difficult [Fassett and Paulsen, 1989]. ICP-MS has proved quite suitable for 
confronting these problems, not only because measurement is easy and rapid, but also 
because the isotope ratios can be measured with precisions in the range of 0.1 to 3 
percent [Turner, 1993]. Application of ICP-MS to the bioavailability of various 
elements has been reported by several groups for metals such as: copper, zinc and 
iron in faecal material [Ting and Janghorbani, 1987]; lithium in blood [Sun et al.
1987]; bromine in biological fluids [Janghorbani et al., 1988]; lead in whole blood 
[Delves and Campbell, 1988]; magnesium in biological material [Schuette et al.,
1988]; selenium in biological studies [Janghorbani and Ting, 1989]; and iron in 
whole blood [Whittaker et aL, 1992].
1.4. Routine Analysis by Inductively Coupled Plasma-Mass 
Spectrometry
There is a need in clinical chemistry for a simultaneous multi-element technique 
[Lyon et al., 1988a]. This would offer the following advantages:
(a) economy of sample material - a smaller sample volume would be required to
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give the same information currently obtained from repeated sequential single 
element analysis;
(b) direct multi-element analysis would reduce sample handling and therefore 
sample contamination;
(c) trace element metabolic interactions may be revealed in disease;
(d) unsuspected nutritional depletions may be detected, if a trace element ’profile’ 
is available;
(e) a screening procedure would be provided for a range of heavy metals in metal 
toxicity studies.
The analytical performance of a simultaneous multi-element analyzer should be 
comparable to that currently attained in clinical chemistry laboratories by sequential 
single element methods. A within-batch precision of better than 5 % and a between 
batch precision of 10% are required. A range of elements should be available 
including the essential and toxic elements. The elements may vary in concentration 
from several hundreds of pg ml-1 to less than 1 ng ml'1 [Fell and Lyon, 1986].
Despite the emergence of ICP-MS as a multi-element technique there have been 
relatively few routine multi-element studies undertaken. Lyon et al. [1988] have 
reported good agreement for the results of ICP-MS compared to their usual clinical 
techniques of AAS and colorimetry. Templeton et al. [1988] successfully 
demonstrated the use of ICP-MS to determine 30 elements in rat liver and serum. 
Paul et al. [1989] from their evaluation of several reference materials concluded that 
ICP-MS was well suited to the routine analysis of biological samples as did Ward et 
al. [1990]. However, despite confidence in the ability of ICP-MS to measure elements 
routinely few clinical studies have been conducted, perhaps due to the lack of 
availability of this instrumentation. The analysis of human milk was carried out 
routinely by ICP-MS for the determination of 18 elements [Durrant and Ward,
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1989], Lead, cadmium and zinc levels have been reported in placenta [Ward and 
Bryce-Smith, 1993]. Several routine clinical investigations were reported at the 
T E M A  Conference, May 20-25, 1990 in Dubrovnik, Yugoslavia. Havercroft and 
Ward [1991] reported boron and other elements in relation to rheumatoid arthritis; 
Johansson and Liljefors [1991] analyzed teeth for heavy metals; and a multi-element 
study of sows was presented by Ward [1991]. Additionally at the latest TE M A  
Conference, May 16-21, 1993 at Dresden Germany, ICP-MS was used to determine 
rubidium levels in various human tissues and fluids [Ward and Abou-Shakra, 1993]; 
boron levels were reported in human serum, urine and hair [Ward, 1993]. Copper, 
zinc, strontium, rubidium, lead and mercury levels were presented in a multi-element 
study of blood, kidney and urine by Johansson and Liljefors [1993]; and selenium had 
been measured routinely in blood serum [Abou-Shakra and Ward, 1993].
1.5 Summary
In summary, the limited number of publications using ICP-MS for the routine analysis 
of biological tissues and fluids suggests that the technique has not yet been fully 
accepted into the analytical fraternity. Most of the published data has assessed the 
suitability of ICP-MS for the analysis of biological reference materials which have 
produced comparative data to the certified values, for elements typically in the pg g"1 
or pg ml"1 range. At the ng g'1 and ng ml'1 range there are fewer biological certified 
standard reference materials available [Iyengar, 1989]. These studies have typically 
employed sample dilution for the analysis of fluids and traditional wet digestion 
procedures involving nitric acid and peroxide, perchloric acid and sulphuric acid 
being avoided [Vanhoe and Dams, 1991]. Most of the studies have used nitric acid 
based calibration standards rather than matrix matched standards. Compensation for 
drift in analyte ion response, and therefore the need to recalibrate the instrument, has 
been undertaken using an external standard or an internal standard (commonly indium 
which is added to both samples and standards). A limited number of studies have used 
stable isotope dilution to improve the precision of their measurements. It must be 
noted that despite the multi-element capabilities of ICP-MS few authors have
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attempted to carry out simultaneous multi-element determinations of biological 
materials.
At present only the study by Ward et al. [1988] has utilised ICP-MS to routinely 
analyze a biological fluid which has a predominance of ultra-trace element 
concentrations. Such a material is cerebrospinal fluid (CSF) which challenges the 
basic advantages often quoted for ICP-MS, namely, multi-element and low detection 
capabilities with easily minimised matrix interferences [Houk, 1986].
1.6. Aim of this Study
The objective of this study is to assess the suitability of pneumatic nebuliser ICP-MS 
for the routine simultaneous multi-element analysis of CSF. CSF was chosen as the 
levels of many of the elements are at a lower concentration than those found in blood 
serum and additionally less sample volume is available. As a result this should test 
the capabilities of ICP-MS for measuring elements at ultra-trace levels. An 
investigation of the following parameters is necessary:
(i) CSF sample preparation;
(ii) precision of analysis;
(iii) accuracy of analysis;
(iv) linear dynamic range;
(v) the effect of the CSF matrix.
Additionally there is a need to obtain some ’reference’ values for the trace element 
content of CSF and to investigate whether the technique can be used routinely to 
monitor the trace element levels of CSF for health related investigations.
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2.1 Literature Review of the Elemental Concentrations in 
Cerebrospinal Fluid
Despite the great interest in the trace element content of whole blood and serum in 
relation to health and disease, cerebrospinal fluid has remained a little analyzed 
sample matrix. This is probably due to the comparative difficulty of obtaining this 
body fluid and also to the small sample volumes which are available for analysis. 
There are, to date, fewer than one hundred publications detailing trace element 
analysis of CSF in spite of the emergence of several instrumental techniques with this 
capability.
As a result of the complexity of sampling CSF compared to blood very few studies 
report reference levels for elements in CSF, hence data may differ depending on the 
disease states analyzed. For example, many studies have analyzed the CSF of patients 
suffering from neurological diseases. They have therefore used as their reference 
population ’non-neurological’ disorders. It has been shown that for Cu and Zn 
increased levels are found in patients undergoing steroid therapy or taking oral 
contraceptives [Mc Call et al., 1971]. This may therefore have an effect on the results 
presented.
The data may also differ as a result of variations in the analytical methods used (with 
supporting data regarding its accuracy, precision and quality control) particularly as 
no standard reference material is available for CSF, and as a result of variations in 
the technique and duration of specimen collection, preparation and storage. Therefore, 
this literature review will present elemental concentrations measured in CSF and 
include wherever possible information regarding the analytical technique used, sample 
preparation, disease category for the reference population and the number of samples 
analyzed (n). Some of the earlier data particularly for the macro-elements has been 
presented in three compilations [Snyder et al. 1975; Iyengar et al., 1978 and 
Kjellin, 1981].
18
2.1.1 Macro-Elements
Sodium and potassium values are well documented in the literature for CSF and these 
concentrations are generally measured and recorded routinely in hospital records. 
Sodium is generally of the order of 3000 pg ml'1 and K  150 pg ml'1 in CSF [Csenker 
et al., 1982], The chloride anion has been found at concentrations of 4000 pg ml'1 
[Csenker et al., 1982].
Magnesium is the element which has generated the most interest in CSF as it is the 
one element which appears to be at a higher concentration in CSF than in blood 
serum [Cohen, 1927]. As a result of its high concentration it has been measured by 
a variety of techniques as shown in Table 2.1. The earliest techniques were methods 
of titration culminating in the multi-element instrumental techniques now in use such 
as ICP-OES and ICP-MS. Considering the differences in the disease states and the 
range of analytical techniques used, the results shown in Table 2.1 for Mg are in 
good agreement.
Several authors have also measured Ca with some success and these results are 
presented in Table 2.2. Again the results seem to be of the same order of magnitude - 
approximately 40 pg ml'1. As with Mg  a wide variety of techniques and disease 
categories have been studied.
The Br and P results are presented in Tables 2.3 and 2.4 respectively. There are 
fewer values to report although it does not appear to be as a result of the difficulty 
in analyzing these elements but more due to less interest in these elements. A range 
of instrumental techniques have been employed including SSMS, NAA, ICP-MS and 
PIXE and the results appear to be in reasonable agreement.
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Table 2.1 Reported Levels of Mg in Cerebrospinal Fluid
A u th o r M e a n  +  sd  o r  ran g e  
(jig m l '1)
n M eth o d P re p a ra t io n D isease
W e s to n  1922 2 3 - 2 7 2 7 C h em ica l C e n tr ifu g e N e u ro lo g ic a l
C o h e n  1927 3 0 . 2 - 3 5 . 9 17 C h em ica l C e n tr ifu g e N e u ro lo g ic a l
H u n te r  1960 2 4 .0  -  2 9 .5 38 C h em ica l A cetic  ac id  a n d  
ce n tr ifu g e
M ild  N e u ro lo g ic a l
G lic k m a n  1962 3 1 .4  ±  2 .8 13 C h em ica l S u rg ic a l
D e c k e r  1964 2 7 .0  -  3 4 .0 68 F A A S D ilu tio n M is c e l la n e o u s
W o o d b u ry  1968 2 7 .2  ±  1 .7 11 F A A S M isc e lla n e o u s
S e th i 1969 2 9 .4  ±  4 .0 43 U V /V is A d d itio n  o f  d y e N o rm a l
G o o d d y  1974 4 7 .8 2 7 S S M S M is c e l la n e o u s
B o g d e n  1977 2 4 .6  ±  0 .7 82 F A A S D ilu tio n N e u ro lo g ic a l
C s e n k e r  1982 3 0  ±  1 17 U V /V is A d d itio n  o f  d y e N o n -n e u ro lo g ic a l
B o u rr ie r -G u e r in  1985 2 7 .2  ±  1.5 7 0 IC P -O E S D ilu tio n N e u ro lo g ic a l
B u rg u e ra  1986 2 7 .3  ±  2 .3 12 F IA A S N o n e H e a lth y /F a s tin g
W a rd  1988 3 0 .8  ±  8 .9 10 IC P -M S N o n e N o n -n e u ro lo g ic a l
K a p a k i 1989a 2 4 .5 0  ±  3 .4 0 28 F A A S D ilu tio n N o n -n e u ro lo g ic a l
E l-Y a z ig i 1992 3 1 .7  ±  2 .3 19 E T A A S A cid  d ilu tio n N o n -n e u ro lo g ic a l
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Table 2.2 Reported Levels of Ca in Cerebrospinal Fluid
A u th o r M e a n  +  sd  o r  ra n g e  
<Jig m l 1)
n M e th o d P re p a ra tio n D isease
H u n te r  19 6 0 3 9 - 5 1 3 8 C h e m ic a l A ce tic  ac id  an d  
ce n tr ifu g e
M ild  N e u ro lo g ic a l
G lic k m a n  1962 4 8 .8  ±  5 .8 13 C h e m ic a l S u rg ica l
D e c k e r  1964 4 4 .4  +  3 .8 68 F A A S D ilu tio n M isc e lla n e o u s
W o o d b u ry  1968 4 1 . 3 - 4 5 . 9 4 F A A S M isc e lla n e o u s
G o o d d y  1974 39 2 7 S S M S M isc e lla n e o u s
B o g d e n  1977 4 2 .7  ±  1 .0 82 F A A S D ilu tio n N e u ro lo g ic a l
C s e n k e r  1982 6 4  ±  6 17 F P A d d itio n  o f  ac id N o n -n e u ro lo g ic a l
B o u rr ie r -G u e r in  1985 4 9 .4  ±  3 .0 8 7 0 IC P -O E S D ilu tio n N eu ro lo g ic a l
B u rg u e ra  1986 4 6 .1  ±  2 .2 12 F IA A S N o n e H e a lth y /F a s tin g
W a rd  1988 4 4  ±  7 10 IC P -M S N one N o n -n e u ro lo g ic a l
L a p a tto  1988 5 . 3 - 8 1 . 3 4 7 P IX E A d d itio n  o f  
E D T A
N eu ro lo g ic a l
Table 2.3 Reported Levels of Br in Cerebrospinal Fluid
Author Mean + sd or range 
[fjQ ml'1)
n Method Preparation Disease
Gooddy 1 974 2.20 27 SSMS Miscellaneous
Kjellin 1981 3.8 NAA
Ward 1988 2.36 ± 0.57 10 ICP-MS None Non-
neurological
Lapatto 1988 0.4 - 43 47 PIXE Addition of 
EDTA
Neurological
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Table 2 .4  Reported Levels of P in Cerebrospinal Fluid
A u th o r M e a n  +  sd  o r  ra n g e  
(Mg n i l '1)
n M eth o d P re p a ra t io n D ise a se
G o o d d y  1974 12.1 27 S SM S M isc e lla n e o u s
C s e n k e r  198 2 20 ±  1 17 U V /V is A d d itio n  o f  d y e N o n -n e u ro lo g ic a l
B o u rr ie r -G u e r in  1985 14 .5  ±  2 .1 7 0 IC P -O E S D ilu tio n N e u ro lo g ic a l
W a rd  1988 1 5 .4  ±  3 .2 10 IC P -M S N o n e N o n -n e u ro lo g ic a l
2.1.2 Trace Element Concentrations in Cerebrospinal Fluid
Of the trace elements in CSF, Cu and Zn are those which have been the most studied, 
possibly as they have been linked to several neurological diseases. Zinc and Cu are 
found in the brain and involved in cerebral function. Acute Zn depletion has been 
associated with severe alterations in mental function in both adults and infants. 
Copper is involved in myelination of neural tissue and changes in mental function 
associated with Cu excess in Wilson’s disease or depletion in trichopoliodystrophy are 
well known [Agarwal and Henkin, 1982]. Both Zn and Cu are important in 
biological systems as they form metalloenzymes. There are now more than ten copper 
enzymes and seventy zinc metalloenzymes which have been identified [Prasad, 1976]. 
A selection of the concentrations for Cu and Zn found in CSF is shown in Tables 2.5 
and 2.6 respectively.
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Table 2.5 Reported Levels of Cu in Cerebrospinal Fluid
A u th o r M e a n  ±  sd  o r  ra n g e  
(ng  m l '1)
n M e th o d P re p a ra t io n D ise a se
K je liin  1963 7 - 2 3 15 N A A D ig e s tio n  a n d  
S e p a ra t io n
N e u ro lo g ic a l
K a n a b ro c k i 1964 196 ±  81 88 N A A C e n tr ifu g e d S u rg e ry
M c C a ll 1971 2 0 - 7 0
M e re t 1971 7 .6  ±  1.7 26 F A A S D ilu t io n P a tie n ts  w ith  
s e iz u re s
G o o d d y 19 7 4 2 4 0 27 S S M S M is c e lla n e o u s
B o g d en  1977 95 ±  16 82 F A A S D ilu t io n N e u ro lo g ic a l
A g a rw a l 1982 7 .5  ±  3 .1 E T A A S D ilu tio n H ea lth y
H e rsh e y  1983 31 ±  12 20 IC P -O E S N o n e M is c e l la n e o u s
E l-Y a z ig i 1984 3 9 .8  ±  2 4 .7 10 E T A A S C e n tr ifu g e  +  
a c id  d ilu tio n
N o n -n e o p la s tic
L ip csey  1985 68 -  30 0 4 N A A D ig e s tio n M is c e lla n e o u s
B o u rr ie r-G u e rin  1985 1 2 .4  ±  7 .9 7 0 IC P -O E S D ilu tio n N e u ro lo g ic a l
B u rg u e ra  1986 6 2  ±  30 12 F IA A S N o n e H e a lth y /F a s tin g
W a rd  1988 5 7 .1  ±  4 3 .2 10 IC P -M S N o n e N o n -n e u ro lo g ic a l
L a p a tto  1988 2 0  -  1650 4 7 P IX E A d d itio n  o f  
E T D A
N e u ro lo g ic a l
K ap ak i 1 989a 4 0 .2 0  ±  14 .26 28 E T A A S D ilu t io n  w ith  
T r i to n  X -1 0 0
N o n -n e u ro lo g ic a l
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Table 2.6 Reported Levels of Zn in Cerebrospinal Fluid
A u th o r M e a n  ±  sd o r  ra n g e  
(ng  m l '1)
n M eth o d P re p a ra tio n D is e a s e
K je llin  1968 10-20 5 N A A D ig es tio n  an d  
S e p a ra tio n
P sy c h o n e u ro tic
W o o d b u ry  1968 2 3 , 6 0 2 F A A S M isc e lla n e o u s
M ' C a ll 1971 1 0 - 5 0
M e re t  1971 6.6 ±  2 .1 26 F A A S D ilu tio n P a tie n ts  w ith  
s e iz u re s
G o o d d y  1974 2 4 0 2 7 S S M S M isc e lla n e o u s
B o g d e n  1977 74  +  5 82 F A A S D ilu tio n N e u ro lo g ic a l
M a z z u c o te l l i  1978 170 ±  4 2 20 E T A A S D ig es tio n  a n d  
sep a ra tio n
N o n -n e u ro lo g ic a l
A g a rw a l 1982 3 1 .5  ±  1 9 .8 E T A A S D ilu tio n H e a lth y
H e rs h e y  1983 14 ±  3 20 IC P -O E S N o n e M is c e lla n e o u s
P a lm  1983 11 ±  3 5 2 F A A S D ilu tio n  w ith  
ac id
M is c e lla n e o u s
B o u rr ie r -G u e r in  1985 8 .3  +  8 .3 70 IC P -O E S D ilu tio n N e u ro lo g ic a l
B u rg u e ra  1986 71 ±  3 7 12 F IA A S N one H e a lth y /F a s tin g
E l-Y a z ig i 1986 7 .0  ±  5 .9 18 E T A A S D ilu tio n N o n -n e o p la s tic
L a p a tto  1988 15 -1 2 5 0 4 7 P IX E A d d itio n  o f  
E D T A
N e u ro lo g ic a l
S in g h  1988 1 2 .9 9  ±  1 .5 2 15 F A A S S u rg ic a l
W a rd  1988 7 5 .7  ±  1 0 .6 10 IC P -M S N one N o n -n e u ro lo g ic a l
K a p a k i 1 9 8 9 a 3 4 .7 0  ±  5 .3 3 28 E T A A S D ilu tio n  w ith  
T r i to n  X -1 0 0
N o n -n e u ro lo g ic a l
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As can be seen for these tables the range of values in the literature is wide, values 
for Cu being reported from 7 to 1650 ng ml'1 and for Zn from 6.6 to 1250 ng ml'1. 
In general the range for a given set of patients within a study also seems to vary 
greatly. It is possible that the Zn and Cu levels are not as tightly controlled by the 
body as the macro-elements previously measured. Alternatively as a result of different 
diseases being compared and perhaps the patients being on different forms and levels 
of medication there may be wide differences. Another reason may be the lack of a 
suitable reference material which prevents a reliable check on quality control between 
analysts. At these low concentrations the analytical techniques used may be more 
prone to errors as the levels of Cu and Zn in CSF approach the detection limits of the 
instrumentation. In some cases the Cu and Zn values reported in CSF are of the order 
of 100 times less than those in blood serum. The assumption that these elements are 
for the most part or wholly bound to CSF proteins is supported by: the low normal 
values found for copper, iron and zinc in CSF as compared with those in serum; the 
increased content of these elements found in CSF with a high protein content; and the 
observation that copper (generally), iron and zinc are bound in a non-ultrafiltrable 
form in the CSF [Kjellin 1968], Hence at these lower levels sample contamination 
becomes more of a problem. Additionally methods of sample preparation such as 
centrifuging may affect the final elemental concentrations since protein bound 
fractions may remain unanalyzed.
Selenium is an essential trace element often measured in blood serum [Abou-Shakra,
1991] where its concentration appears to be approximately four to five times that of 
CSF. Selenium at these concentrations is below the detection limits of many 
techniques hence it is more difficult to analyze than Zn and Cu which may explain 
the fewer references in Table 2.7. The results which are given have generally been 
presented as part of multi-element studies and are in reasonable agreement. In 
general Se levels in CSF are less than 30 ng ml'1
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Table 2.7 Reported Levels of Se in Cerebrospinal Fluid
A u th o r M e a n  +  sd  o r  r a n g e  
(n g  m l;’)
n M eth o d P re p a ra tio n D isease
K je llin  1968 <  10 N A A
H e rs h e y  1983 <  3 0 20 IC P -O E S N o n e M is c e l la n e o u s
E l-Y a z ig i 1984 19.1 ±  13 .3 10 E T A A S C e n tr ifu g e  +  
a c id  d ilu tio n
N o n -n e o p la s tic
W a rd  1988 7 .5  ±  4 .0 10 IC P -M S N o n e N o n -n e u ro lo g ic a l
Table 2.8 Reported Levels of Fe in Cerebrospinal Fluid
A u th o r M e a n  +  sd  o r  ra n g e  
(n g  m l '1)
n M eth o d P re p a ra tio n D isease
K je llin  1966b < 1 0 - 2 0 15 U V /V is D ig e s tio n  +  
ad d itio n  o f  d ye
M is c e l la n e o u s
G o o d d y  1974 4 7 0 2 7 S SM S M is c e lla n e o u s
H e rs h e y  1983 3 2  +  9 20 IC P -O E S N o n e M is c e l la n e o u s
B o u rr ie r -G u e r in  1985 2 4 .7  ±  2 0 .0 7 0 IC P -O E S D ilu tio n N e u ro lo g ic a l
B u rg u e ra  1986 3 0 0  ±  4 0 .0 12 F IA A S N o n e H e a lth y /F a s tin g
E l-Y a z ig i 1986 6 2 .7  ±  2 8 .7 18 E T A A S D ilu tio n N o n -n e o p la s tic
W a rd  1988 9 8 .9  ±  3 3 .8 10 IC P -M S N o n e N o n -n e u ro lo g ic a l
L a p a tto  1988 4 0  - 103 0 4 7 PDCE A d d itio n  o f  
E T D A
N e u ro lo g ic a l
There is much variation in the iron content of CSF as seen in Table 2.8. Prior to the 
work of Kjellin [1966b] a value of 2 pg ml'1 was accepted as a normal value for the 
CSF iron concentration. In 1966 Kjellin reported an Fe content of < 10 to 20 ng ml’1 
by wet ashing the sample followed by a spectrophotometric determination using o- 
phenanthroline solution. He paid particular attention to needle contamination and 
contamination of the samples with blood. Despite this study there are still a wide
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range of values being presented in the literature and this could be due to sample 
contamination. However, it must also be noted that Fe concentrations have been 
found to vary considerably with the protein concentrations in CSF. As these vary 
depending on the patient and disease category this could account for the wide 
variations in Fe concentration in CSF [Kjellin, 1967].
Rubidium and Strontium are also found in trace quantities in CSF. Literature values 
for these elements are presented in Table 2.9. The concentrations alone have been 
included as the other details of method, preparation and disease have been previously 
noted in Tables 2.1 to 2.8. Although the function of Rb in human biology is poorly 
understood [Ward and Abou-Shakra, 1993], it exists ubiquitously in the body in 
appreciable concentrations due to a sustained intake from food. The biological 
properties of Rb appear to resemble those of K and the urinary excretion of these two 
alkali metals are closely related [EI-Yazagi et al., 1992]. This interaction may be 
important in neuronal conduction, and growth [Valkocic, 1980]. The limited Rb and 
Sr values reported in the literature are in good agreement.
Table 2.9 Reported Levels of Rb and Sr in Cerebrospinal Fluid
A u th o r M e a n  +  sd  o r  ra n g e  
(ng  m l 1)  R b
M e a n  +  sd  o r  range  
(ng  m l'1) S r
G o o d d y  1974 60 T ra c e
B o u rr ie r -G u e r in  1985 N D 10 .8  ±  4 .4
W a rd  1988 6 4 .9  ±  18 .2 7 .5  ±  4 .0
E l-Y a z ig i 1992 5 6 .0  ±  4 .2 N D
N D  = not determined
Aluminium has been extensively studied as a result of its possible involvement with 
Alzheimers disease [Crapper et al., 1976]. The range of reported values is wide both 
within and between studies as can be seen in Table 2.10. Recent analyses of blood 
serum have reported values for Al of less than 10 ng ml'1 [Abou-Shakra, 1991].
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Many investigations have been carried out into the problems of determining Al in 
blood serum. The main problem in determining Al accurately is the fact that Al is 
very sensitive to external contamination. Sources of contamination include air 
particulates, laboratory equipment and reagents. In view of the wide variations in the 
CSF concentrations of Al, it appears that several more studies will need to be 
undertaken in order to determine the reference levels of Al in CSF.
Table 2.10 Reported Levels of Al in Cerebrospinal Fluid
A u th o r M e a n  +  sd  o r  r a n g e  
(ng  m l 1)
n M eth o d P re p a ra tio n D isease
G o o d d y  1974 210 2 7 S S M S M isce llan eo u s
D e la n e y  1979 2 0 0 0  -  7 0 0 0 180 E T A A S N o n e M isce llan eo u s
S h o re  1980 3 1 .0  ±  1 1 .2 6 E T A A S N o n e N eu ro lo g ica l
H e rsh e y  1983 <  45 20 IC P -O E S N o n e M isce llan eo u s
E l-Y a z ig i 1984 3 2 6 .6  ±  1 7 1 .2 10 E T A A S C e n tr ifu g e  +  
ac id  d ilu tio n
N o n -n eo p la s tic
B o u rr ie r-G u e rin  1985 6 .2  ±  3 .6 7 0 IC P -O E S D ilu tio n N eu ro lo g ica l
W a rd  1988 2 2 .4  ±  8 .6 10 IC P -M S N o n e N o n -n eu ro lo g ica l
Some determinations have also been carried out for the essential elements Si and S 
and these are reported in Table 2.11. The data are sparse hence it is very difficult to 
make any reasonable comparison between the results. To date typical S values are 
less than 20 pg ml'1 and for Si less than 300 ng ml'1.
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Table 2.11 Reported Levels of Si and S in Cerebrospinal Fluid
A u th o r M e a n  +  sd  o r  ran g e  
(n g  m l 1) Si
M e a n  ±  sd o r  ran g e  
(MS m l '1) S
G o o d d y  197 4 210 2.6
H e rs h e y  1 9 8 4 4 0  ±  15 N D
B o u rr ie r -G u e r in  1985 2 8 .3  ±  2 0 .3 1 2 .4  ±  3 .8
W a rd  1988 2 3 0 .4  ±  4 8 .8 N D
2.1.3, Ultra-Trace Elements Determined in Cerebrospinal Fluid
Manganese and lead are the two ultra-trace elements for which the most 
determinations have been made. The results of these analyses are shown in Table 2.12 
and 2.13 respectively.
Table 2.12 Reported Levels of Mn in Cerebrospinal Fluid
A u th o r M e a n  +  sd o r  ran g e  
(n g  m l’1)
n M eth o d P re p a ra tio n D isease
C o tz ia s  1 9 6 2 0 . 8 3 - 1 . 5 0 7 N A A
K a n a b ro c k i 1964 2 .1 8  ±  1.53 88 N A A C en tr ifu g e S u rg ica l
G o o d d y  1 9 7 4 T ra c e 2 7 S SM S M isc e lla n e o u s
D ’A m ic o  1976 0.66 ±  0 .1 0 10 E T A A S S tan d a rd
A dd ition
H ea lth y
H e rs h e y  1983 <  3 20 IC P -O E S N o n e M isc e lla n e o u s
W a rd  198 8 0 .6 0  ±  0 .0 8 10 IC P -M S N o n e N o n -n e u ro lo g ic a l
Manganese is an essential trace element, excess concentrations of which have been 
shown to result in neurological disorders [Abou-Shakra, 1991]. Lead has been linked 
to several neurological disorders [Montoya-Cabrera et al., 1982; Kapaki et al., 
1989b]. Accurate Mn results have been the subject of much controversy in the
29
analysis of blood serum [Abou-Shakra, 1991]. Manganese is widely distributed in 
the environment. It is a component of stainless steel needles, occurs in airborne 
particulates, and is present in most plastics. Therefore samples are easily 
contaminated with Mn [Versieck and Cornells, 1989]. The range of values presented 
in the literature is comparable and approximately one thousand times less than the 
levels in blood serum. Typical Mn levels for CSF range from 0.5 to 3.5 ng ml’1.
The lead levels vary widely. Lead too is difficult to measure as it is subject to 
airborne contamination. Wide variations in lead concentrations in the CSF may also 
be attributed to the different disease categories being analyzed.
Table 2.13 Reported Levels of Pb in Cerebrospinal Fluid
A u th o r M e a n  +  sd  o r  ran g e  
(n g  m l '1)
n M e th o d P re p a ra t io n D ise a se
G o o d d y  1974 T ra c e 2 7 S S M S M is c e l la n e o u s
K je llin  1981 0-  100 N A A
M o n to y a -C a b re ra  19 8 2 0 - 3 1 6 . 4 5 4 M isc e lla n e o u s
H e rs h e y  1983 <  3 0 20 IC P -O E S N o n e M is c e l la n e o u s
E I-Y az ig i 1984 1 5 .7  ± 1 1 . 5 10 E T A A S C e n tr if iig e  +  
ac id  d ilu tio n
N o n -n e o p la s tic
W a rd  1988 4 .8  ±  2 .6 10 IC P -M S N o n e N o n -n e u ro lo g ic a l
K a p a k i1 9 8 9 b 0 .6 2  ±  0 .4 1 2 4 E T A A S D ilu ted  w ith  
T r i to n  X -1 0 0
H e a lth y
Several elements have been determined by various researchers undertaking multi­
element studies either simultaneously in each sample or by sequential analyses for 
each element determined. Since these studies were discussed earlier, only the 
elemental concentrations will be shown in the tables. The essential elements analyzed 
are shown in Tables 2.14 (As, Co, Cr, I) and 2.15 (Mo, Ni, Sn, V); the non- 
essential elements in Tables 2.16 (Ag, Au, B, Ba, Bi, Cd) and 2.17 (Cs, Li, Hg, Sb,
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Sc). Unfortunately as there are so few values it is difficult to compare these results. 
In general there are wide variations within each study group and this is probably due 
to the concentrations of these elements approaching the detection limits of many of 
the techniques used.
Table 2.14 Reported Levels of As, Co, Cr and I in Cerebrospinal Fluid
E le m e n ta l C o n ce n tra tio n M e a n  ±  sd (n g  m l 1)
A u th o r A s C o C r I
K je l lin  1968 <  0 .5 <  0 .2 N D N D
G o o d d y  1974 N D N D T ra c e T ra c e
K je l lin  1981 N D N D <  1 N D
H e rs h e y  1983 <  30 <  3 <  15 N D
E l-Y a z ig i 1988 1.3 ±  0 .7 N D 6.6 ±  2 .1 N D
W a rd  1988 1 .6  ±  0 .3 0 .6 4  ±  0 .2 2 0 .6 7  ±  0 .0 9 3 .1  ±  0 .6
Table 2.15 Reported Levels of Mo, Ni, Sn and Y in Cerebrospinal Fluid
E le m e n ta l C o n ce n tra tio n M e a n  ±  sd (ng  m l 1)
A u th o r M o N i S n V
K je l lin  1968 <  1 N D N D N D
H e rs h e y  1983 <  30 <  45 <  5 0 0 <  15
W a rd  1988 0 .6 7  ±  0 .1 5 1 .4  ±  0 .6 3 .6  ±  2 .0 0 .6 6  ±  0 .1 3
E l-Y a z ig i 1 9 8 8 , 1992* 6.8 ±  4 .8 N D 6 .4  ±  1 .0 0.1 ±  0 .1*
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Table 2.16 Reported Levels of Ag, Au, B, Ba, Bi and Cd in Cerebrospinal Fluid
E lem en t C o n c e n tra tio n m e a n  ±  sd (n g  m l 1)
A u th o r A g A u B Ba Bi C d
K je llin  1968 <  1 0 .0 0 6 2 N D N D N D <  10
G o o d d y  1974 N D N D 10 T ra c e N D N D
H e rs h e y  1983 N D N D N D <  3 N D <  15
E l-Y a z ig i 1984 5 .1  ±  2 .9 3 8 .5  ±  2 3 .7 N D N D 3 6 .6  ±  2 3 .7 1 .5  ±  1.3
W a rd  1988 1.2 ±  0 .6 N D 1 .5  ±  0 .8 6.0 ±  2 .0 N D 3 .3  ±  1 .7
Table 2.17 Reported Levels of Cs, Li, Hg, Sb and Sc in Cerebrospinal Fluid
E lem e n t C o n c e n tra tio n m e a n  +  sd o r  ran g e (n g  m l 1)
A u th o r C s L i H g S b S c
K je llin  1968 1 - 5 N D <  1 <  1 N D
E l-Y a z ig i 1 9 8 4 , 
1988-
3 .8  ±  1 .6 ' 0 .7  ±  2 .0 - N D 2 0 .9  ±  3 .8 N D
W a rd  1988 0 .6 4  ±  0 .1 5 0 .2 8  ±  0 .0 7 0 .7  ±  0 .1 3 .2  ±  1 .2 0 .4 2  ± 0 . 1 1
N D  = not determined
2.2. Trace Element Content of Cerebrospinal Fluid measured by 
Inductively Coupled Plasma-Mass Spectrometry
The initial studies of Ward et al. [1988] using ICP-MS involved the direct analysis 
of CSF using pneumatic nebulisation. However, due to the introduction of the 
COSHH regulations it was not possible to handle CSF samples without prior chemical 
treatment, due to the classification of CSF as a category Bl material. It was therefore
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decided to perform acid digestion. Details of the safety protocol required are outlined 
in Appendix I. Hence by following this procedure the samples could be handled on 
the open bench prior to introduction into the ICP-MS.
2.2.1. Experimental Procedure
Samples of CSF (c.a. 0.4 to 1.5 ml) were collected directly into polypropylene 
sterilin containers (Hounslow, UK) by routine lumbar punctures carried out at 
Southampton Hospital, UK. Samples were immediately stored at -20 °C prior to 
analysis. Depending on the sample volume collected, a 0.2 or 1.0 ml aliquot of each 
sample was transferred into a graduated 15 ml, metal free polypropylene container 
(Elkay Laboratory Products, Hampshire, UK). Next, 0.2 ml of concentrated nitric 
acid (Aristar grade, B DH Chemicals Ltd., Essex, UK) was added to each tube. These 
samples were placed individually in a microwave (Sashio 650 W), enclosed in a 
desiccator, for 2 minutes at full power for the 1.0 ml samples and 1.5 minutes for the
0.2 ml samples. The 0.2 ml samples could not be heated for 2 minutes as this led to 
the polypropylene containers overheating. Blank samples were similarly prepared by 
addition of nitric acid to 0.2 or 1.0 ml of double distilled deionized water (DDW), 
18 MQ. After cooling, the samples were made up to 3.0 ml with DDW. At the same 
time 1 ml samples of NIST SRM-909 Human Serum reference material were similarly 
prepared following the above method and analyzed alongside the CSF samples. A 
total of 163 CSF samples were analyzed, 97 one ml samples and 66 0.2 ml samples. 
With the exception of 12 cancer and 2 multiple sclerosis patients, the samples came 
from patients suffering from sciatica, prolapsed disc and unexplained pain.
A  V G  Isotopes PlasmaQuad™ (Fisons Elemental Ltd., Winsford, Cheshire, UK) was 
used under multi-element scan conditions. The instrument was optimized for an ion 
rate of 1.5 x 105 counts for 1 pg ml'1 of Be. The remaining operating conditions are 
summarized in Table 2.18. A multi-element standard was used after every 5 samples 
of CSF in order to calibrate the instrument. This contained Al, Si, Sc, V, Cr, Mn, 
Fe, Co, Cu, Zn, Se, Rb, Sr, Cd, Sn, Sb, I, Cs, Ba, Hg, Pb, Br and Ti at a 
concentration of 20 ng ml'1; and Mg, P and Ca at a concentration of 5 pg ml'1, made 
up from 1000 pg ml'1 standards (Spectrosol, BDH Chemicals Ltd., Poole, England).
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The standards were made up in 1 % nitric acid using DDW .
In addition 1 ml of the standard solution was added to each of five 1.0 ml CSF 
samples. The samples were prepared as in the above method and analyzed along with 
the other samples in order to check the recovery of the procedure.
The 163 CSF samples were analyzed over a period of six months on five separate 
occasions in line with instrument availability. The NIST SRM-909 Human Serum 
reference material was ran on each occasion. One replicate of each sample was 
carried out. A batch sample of CSF was prepared as outlined above and from this the 
precision was determined.
Table 2.18 ICP-MS Operating Conditions for a VG Isotopes PQ2
Plasma incident/reflected power 1300/< 10W
Nebulizer pressure 40 psi
Intermediate gas flow 0.5 1 min'1
Coolant flow 14 1 min'1
Sample pump rate 1.0 ml min'1
Skimmer cone type, diameter Ni, 0.7 m m
Sampler cone type, diameter Ni, 1.0 m m
Sampling depth 10 m m
Expansion pressure 2.7 x 10° mbar
Intermediate pressure < 1 x 104 mbar
Analyzer pressure 2 x 10'6 mbar
Mass range 22.98-209.91 amu
Number of channels 1024
Number of scan sweeps 150
Dwell time 320 ps
Skipped mass regions 11.40-21.60; 31.60-41.60; 
79.60-80.40; 140.00-195.00 amu
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2.2.2. Results
The results were calculated using an external standard ran at intervals throughout the 
analyses. The reproducibility of the experiment was calculated for a pooled CSF 
sample to obtain intra and inter sample precision. For Ca, Mg, P, Rb, Sr, V and Zn 
intra sample precision was less than 5 percent; for Al, Br and Cu less than 10 
percent; and less than twenty percent for Cd, Sc and Se. The precision was not 
determined for Ba, Hg, Pb Sb and Sn as the levels in the pooled sample were below 
the detection limit. With respect to inter sample precision Al, Cd, Sc, Mg, P, Rb, Sr, 
V and Zn gave values of less than ten percent and Br, Ca, Cu and Se less than twenty 
percent.
The results calculated for the reference material have been compared to the reference 
values and are presented in Table 2.19. Unfortunately NIST SRM-909 Human Serum 
is not certified for many of the elements. The results obtained are acceptable. The 
recoveries for the standard spiked onto the CSF sample are given in Table 2.20. 
Considering the precision calculated for the various elements the recoveries are good 
for those elements which could be calculated. The majority of the elements lay below 
the detection limit in the unspiked CSF sample and hence no recoveries are presented.
The results of the CSF analyses are presented in Table 2.21, which compares the 1.0 
and the 0.2 ml sample volumes separately. The results are presented in terms of the 
medium, upper and lower quartiles. This is to allow measurements which are below 
the detection limit to be included in the results. For all elements where a valid 
comparison could be made (Br, Ca, Cu, Mg, P, Rb and Sr) using the Mann-Whitney 
test [Miller and Miller, 1988] the 0.2 ml results gave a higher interquartile range (at 
the 99% confidence limit). The Mn, Fe and Cr results have been omitted from this 
table as a stainless steel needle was used in the collection of the samples. Their values 
given for reference only are < 0.4 to 0.8 ng ml*1; < 9 to 45 ng ml*1 and 1.2 to 4.2 
ng ml*1 for Mn, Fe and Cr respectively.
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Table 2.19 Elemental Content of NIST SRM-909 Human Serum Reference 
Material Compared to Certified and Literature Values
Element This work pg g"1 
(n— 5)
Certified pg g'1 Other literature 
values pg g'1
Ca 106 ± 25 120.7 ± 3.5 84.3 ±  121
Cr * 82.2 ± 12.6 91.3 ± 6.1 90.2 ± 121 
110 ± 13.42
Cu 0.7 ±  0.1 1.1 ± 0.1 0.81 ± 0.31 
1.14 ± 0.032
Fe 1.77 ±  0.12 1.98 ± 0.27 1.39 ± 0.451
Mg 26.5 ± 7.2 29.4 ± 1.2 18.7 ±  4.01
28.8 ±  0.53
Rb * 15 ± 1 12 ± l1
Zn 0.64 ± 0.10 0.54 ± 0.101
* concentrations in ng g'1
1. Ward etal., 1990
2. Park et al., 1990
3. Vanhoe and Dams, 1991
Table 2.20 Recovery of Standard Added to Cerebrospinal Fluid
C o n c e n tra tio n ' pg m l '1
E le m e n t B efo re  ad d itio n A m o u n t ad d e d A fte r  ad d itio n P e rc e n ta g e  
re c o v e ry  %
C a 35 +  4 5 4 2  ±  5 105
C u 0 .0 0 6  ±  0 .0 0 1 0.020 0 .0 2 7  ±  0 .0 0 1 104
F e 0 .0 3 8  +  0 .0 0 5 0.020 0 .0 6 0  +  0 .0 0 6 103
M g 21 ±  2 5 26  ±  2 100
R b 0 .0 6 5  +  0 .0 0 5 0.020 0 .0 8 1  ±  0 .0 0 6 95
S r 0 .0 0 8  +  0 .0 0 1 0.020 0 .0 2 6  ±  0 .0 0 1 92
Z n 0 .0 0 8  +  0 .0 0 1 0.020 0 .0 2 6  +  0 .0 0 2 92
* arithmetic mean ± standard deviation (n=5)
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Table 2.21 Elemental Concentrations Determined in Cerebrospinal Fluid
Element Concentration (* jjg ml'1 or ng ml'1)
Volume 1.0 ml DF = 3 0.2 ml (DF = 15)
Isotope Lower quartile Median Upper quartile Lower quartile Median Upper quartile
27 A1 < 2.5 5.1 13 <12.5
,37Ba < 0.1 0.5 < 0.5
81Br* 1.0 1.4 2.0 1.7 2.7 4.7
“Ca* 32 39 46 41 46 50
111Cd < 0.2 < 1
59Co < 0.1 < 0.5
133Cs < 0.1 0.2 < 0.5
65Cu 7.2 11 14 10 16 24
202Hg < 2 < 10
24Mg* 19 24 27 23 26 29
31p* 10 12 14 11 14 16
203Pb < 0.2 0.7 < 1
85Rb 33 48 57 48 55 67
121Sb < 0.2 0.3 0.7 < 1
45Sc < 0.3 < 1.5
78Se < 4 9.0 19 < 20
118Sn < 0.4 < 2
88Sr 5.3 8.0 10 7.1 9.8 12
Sly < 0.8 < 4
66Zn < 3 12 26 < 3 < 3 26
DF =  dilution factor
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2 .2 .3 . Conclusions
The results obtained in this study are in good agreement with the literature values in 
the above tables. However, the precision shown in this study was poor and in need 
of improvement. For many of the ultra-trace elements the lower quartile values lie 
below the instrument detection limit (such as Ba, Cs, Pb). When the 0.2 ml results 
are compared to the 1.0 ml results there are fewer elements available for comparison 
because the higher dilution factor for the 0.2 ml results (15 compared with 3 for the
1.0 ml volume) produces a higher determination limit as shown in Table 2.21. 
Additionally there is a significant difference between the results for those elements 
which could be fully determined. This could be due to matrix effects causing 
suppression in the more concentrated sample, a systematic error in the pipetting or 
perhaps due to some bias in the results during analysis. It is therefore necessary to 
compare different sample volumes from a pooled CSF sample and to check for any 
errors in the pipetting. If any errors in the procedure can be alleviated then the above 
procedure represents a suitable method for routine analysis of CSF.
2.3. An Investigation into the Differences Between the 1.0 and 0.2 ml 
Volume Results
2 .3 .1 . Experimental Procedure
A  pooled CSF sample was prepared and from this pool four 1.0 and four 0.2 ml 
samples were removed. Each sample was prepared as outlined in section 2.2.1. 
Following dilution, two samples from each group were combined and from these 
combined samples three replicate analyses were performed using ICP-MS. One 
replicate was done for each of the other samples.
The 0.2 and 1.0 ml volumes were compared by pipetting D D W  using a gravimetric 
technique. The 0.2 ml volumes gave a weight of 0.2010 ± 0.0010 (RSD 0.50%) and 
the 1.0 ml gave a weight of 1.0028 ± 0.0016 (RSD 0.16%). Therefore, it was not 
possible to account for any systematic error due to pipetting.
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Table 2.22 Preliminary Investigation of Volume Differences
E lem e n t C o n c e n tra tio n * jug ml*1 o r n g  m l '1
In te r sa m p le In tra s am p le
Iso to p e M e a n  1 .0  m l (R S D ) M e a n  0 .2  m l (R S D ) M e a n  1 .0  m l (R S D ) M e a n  0 .2  m l (R S D )
81B r* 6 4 1 0  (8 .4 ) 1 2 3 0 0  (1 5 .9 ) 6 9 7 0  (3 .4 ) 1 1 6 0 0 (3 .4 )
44C a * 35  (5 .9 ) 4 8  (5 .5 ) 35  (4 .8 ) 51 (3 .2 )
6JC u 9 (1 2 .5 ) 12 (37) 10 (2 .2 ) 15 (1 2 .4 )
MM g * 18 (7 .3 ) 25  (4 .6 ) 18 (2 .9 ) 26  (1 .7 )
31p* 1 0 .9  (4 .7 ) 1 5 .6  (4 .3 ) 10.8 (2 .8 ) 16.1 (3 .5 )
88S r 7 .7  (5 .0 ) 1 0 .5  (5 .4 ) 8 .0  (3 .9 ) 1 0 .7  (8 .6 )
s3R b 4 7  (1 .8 ) 6 0  (2 .0 ) 4 8  (2 .7 ) 6 2  (4 .6 )
2 .3 .2 . Results and Conclusions
The results were calculated as above and the elemental concentrations compared for 
those elements above the determination limit for the 1.0 ml and the 0.2 ml volumes 
(dilution factors 3 and 15 respectively). The results are shown in Table 2.22. The 
inter sample precision has been calculated as the relative standard deviation from the 
three replicate analyses of the single sample. The intra sample precision has been 
calculated from three samples of CSF prepared and analyzed separately. In general, 
with the exception of Rb for both volumes and the Sr for the 0.2 ml volume, the intra 
sample RSD is less than the inter sample RSD which is to be expected. Additionally 
for Cu, which is approaching the determination limit for this method, the RSD for the 
0.2 ml results is greater than that for the 1.0 ml volume. The precision is comparable 
for the other elements analyzed with the exception of the Br which is higher for the 
0.2 ml.
Using the Student t-test [Miller and Miller, 1988] it was found that for all elements, 
with the exception of the Cu with its poor precision, there was a significant difference 
between the two volumes at the 95 percent confidence limit. This therefore confirms 
the findings of experiment 2.2.
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2.4 A n Investigation in to  the Homogeneity o f Cerebrospinal F lu id
In view of the differences observed when comparing the 1.0 and 0.2 ml volume 
results, it was necessary to check the homogeneity of the sample material. Several 
authors recommended centrifuging CSF in order to obtain a representative sample free 
of protein [Cotzias and Papavasiliou, 1962; Kanabrocki et al., 1964; El-Yazigi et 
al., 1984; Van Holst and Mathiesen, 1990]. Hence an experiment was devised to 
compare the results obtained from centrifuging a CSF sample compared with one that 
was not.
2.4.1. Experimental Procedure
A  pooled CSF sample was prepared (10 ml, which had been collected from several 
patients undergoing routine lumbar punctures as part of their medical treatment). In 
order to evaluate the homogeneity of this pooled sample three 1.0 ml aliquots were 
removed and placed in three metal free polypropylene tubes (Elkay Laboratory 
Products, Hampshire, UK). The remaining pooled sample was centrifuged (4500 rpm 
for 15 minutes) and a further three 1.0 ml aliquots of the supernatant liquid were 
removed. To each aliquot nitric acid was added (0.2 ml, Aristar grade B D H  
Chemicals Ltd., Essex, UK); the sample was microwave digested (2 minutes, Sashio 
650 W) and diluted to a final volume of 3.0 ml prior to analysis (DDW, 18 MO). The 
analysis was carried out as in section 2.2.1.
2.4.2. Results and Conclusions
The results were calculated using an external standard ran at intervals throughout the 
analyses and are presented in Table 2.23. The results are in good agreement within 
95 % confidence limits. There appears to be no significant improvement in the results 
with centrifuging. This suggests that sample heterogeneity is not a problem.
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Table 2.23 Data Showing Elemental Concentration in a Cerebrospinal Fluid 
Sample With and Without Centrifugation
Elemental Concentration1
Isotope Non-centrifuged Centrifuged
25Mg* 19 ± 2 19 ± 2
43Ca* 24 ± 3 18 ± 3
65Cu 14 ± 2 19 ± 5
85Rb 50 ± 5 53 ± 5
88Sr 3.4 ± 1.0 2.4 ±  0.4
133Cs 0.16 + 0.01 0.18 ± 0.03
7Li 0.3 ± 0.1 0.5 ± 0.2
1 * fig ml'1 or ng ml'1
2.5. Conclusions
The NIST SRM-909 Human Serum reference material gave comparable results with 
the certified reference values and literature values. In general the reference material 
has higher elemental concentrations than CSF therefore it cannot be taken as the only 
form of method validation. The recoveries obtained were satisfactory for those 
elements (Ca, Cu, Fe, Mg, Rb, Sr and Zn) which were above the determination limit 
in this particular experiment.
The preliminary investigation of the 163 CSF samples compared well with literature 
values. However, the analyses carried out using the 0.2 ml results gave significantly 
higher results (at the 95 % confidence limit) than the 1.0 ml results. This was not a 
systematic error due to the pipetting, nor it appears caused by sample inhomogeneity. 
There are several differences between the 1.0 ml and the 0.2 ml CSF samples:
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(i) the 1.0 ml and 0.2 ml volumes have different dilution factors of 3 and 15 
respectively;
(ii) it is possible that digestion of the 1.0 ml sample may not have been as 
good as that of the 0.2 ml which contained a greater proportion of nitric acid 
to sample volume;
(iii) the 0.2 ml samples were microwave digested for 1.5 minutes whereas the
1.0 ml samples were digested for 2 minutes.
The different dilution factors will influence the effect of the matrix in the sample, the 
0.2 ml sample volumes being subjected to less matrix effects than the 1.0 ml 
volumes. Additionally, the determination limits for the 0.2 ml samples will be higher 
meaning that fewer analytes can be determined and the precision of those elements 
measured in the 0.2 ml volume will be compromised [Iyengar, 1989]. The higher 
dilution factor also influences the final acid concentration, the 0.2 ml samples having 
a lower pH than the 1.0 ml samples. Perkin [1991] showed that addition of nitric acid 
to an indium standard stabilized the signal on the ICP-MS but that the concentration 
of acid present had no effect.
Factors (ii) and (iii) above effect the sample digestion. On examination CSF is a clear 
colourless fluid which resembles water. Hence it is difficult to ascertain whether or 
not the two sample volumes were completely digested.
In summary, further investigations are required in order to determine if this method 
can be used routinely. For a valid comparison of these two different dilution factors, 
the instrument conditions need to be optimised to achieve good precision and 
accuracy. Additionally, an evaluation of the effect of the sample matrix for biological 
fluids like CSF in the ICP-MS is necessary.
42

3.1 Analytical Performance of ICP-MS for Multi-Element Analysis
Following the preliminary experiments outlined in Chapter II it was necessary to 
evaluate all the analytical and instrumental parameters relating to ICP-MS with regard 
to the analysis of CSF. Specific areas include:
(i) evaluation of the analytical performance of the ICP-MS;
(ii) optimisation of the instrument;
(iii) evaluation of the effect of matrix interferences on the ICP-MS.
Also at this time the VG Isotopes PQII instrument at Surrey University was no longer 
available and the series of studies presented in this chapter and the following chapter 
were carried out on a more modem instrument (VG Isotope PQII+) at the University 
of Aberystwyth. This additionally necessitated the evaluation of the analytical 
performance for the PQII+.
In order to assess the suitability of an instrumental method of analysis to a particular 
analytical problem several factors need to be evaluated, namely: cost of 
instrumentation; time required for sample preparation and analysis; and the overall 
analytical performance. Under this last category the important criteria include limits 
of detection, linear dynamic range, precision and accuracy of the measurements.
Neglecting the high cost and availability of the ICP-MS instrument, which are obvious 
drawbacks to the technique, overall ICP-MS competes adequately if not better than 
several other instrumental techniques. In general, ICP-MS is very time efficient 
allowing the routine analysis of 10 to 20 samples per hour depending on the nature 
of the sample, and the number and properties of the elements being determined per 
sample. For example, a whole blood sample may require a relatively long ’’washout" 
period, to remove the high concentration matrix elements from the previous sample, 
compared to a drinking water sample, thus reducing sample throughput. Similarly
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some elements such as Li, Au, Hg and X are notoriously "sticky" and longer 
"washout" periods are needed for their determination. In addition, the larger the 
number of elements being determined the longer the analysis time, as a minimum scan 
time is required to achieve a stable and statistically significant signal, depending on 
the concentration of the analyte. The time necessary for sample preparation is 
generally dependent on the nature of the sample and the mode of introduction into the 
ICP-MS. With respect to biological fluids, widespread use has been made of 
pneumatic nebulization of solutions although analysts are now successfully 
experimenting with alternative forms of sample introduction into the ICP-MS such as 
electrothermal volatilization (ETV) [Whittaker et al, 1989] and flow injection analysis 
(FIA) [Paul et al., 1989]. These latter two methods may require less sample 
preparation. However, for nebulization sample dilution with nitric acid (5 to 10%) or 
sample digestion with concentrated nitric acid and/or a variety of other oxidising 
agents has generally been used [Lyon et al, 1989; Paul et al., 1989; Yadegarian Hadji 
Abadi et al., 1987]. Such sample digestion methods are generally time consuming 
although quicker digestion methods involving microwave heating are now being 
employed [Vanhoe and Dams, 1991; Beauchemin et al., 1988; Friel et al., 1990]. 
With regard to the analytical performance of ICP-MS there are several literature 
reviews showing good detection limits, a wide dynamic range (at least four to ten 
orders of magnitude) and good precision and accuracy [Houk, 1986; Houk and 
Thompson, 1988]. However, much of this work has been accomplished by 
optimisation of the ICP-MS instrument and careful evaluation of results. In many 
cases simultaneous multi-element determination has not been undertaken and more 
time-consuming techniques such as isotope dilution analysis have been used to 
improve precision and accuracy. Therefore it is important to be aware of all these 
factors in assessing the analytical performance of ICP-MS as a multi-element 
technique. Also it must be noted that one set of optimized conditions for the 
instrument may not be applicable to every similarly designed instrument (due to 
variations in the size and shape of torches, skimmers and cones) [Kawaguchi, 1988] 
and to every type of sample matrix [Longerich et al., 1987]. In view of this and 
because of the analytical problems encountered in Chapter II, it was necessary to 
assess the analytical performance of the VG PQ2+ with an aim to analyzing CSF in
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a multi-element mode.
There are several instrument parameters which affect the instrument signal [Horlick 
et al., 1985]. These include the radio frequency (RF) incident power, the argon 
nebulizer flow rate, the sampling depth (i.e. distance of the sampling cone from the 
skimmer) [Lain and Horlick, 1990] and the lens setting [Vaughan et al., 1987]. For 
the initial set of experiments one set of parameters was chosen and these are shown 
in Table 3.1.
Table 3.1 ICP-MS Operating Conditions to Assess Analytical Performance
Plasma incident/reflected power 1300/ < 10 W
Nebulizer pressure 40 psi
Intermediate gas flow 0.5 1 min1
Coolant flow 14 i min'1
Sample pump rate 1.0 ml min'1
Skimmer cone type, diameter Ni, 0.7 mm
Sampler cone type, diameter Ni, 1.0 mm
Sampling depth 10 mm
Expansion pressure 2.7 x 10° mbar
Intermediate pressure < 1 x 104 mbar
Analyzer pressure 2 x 10‘6 mbar
Mass range 5.0 - 240 amu
Number of Channels 1024
Number of scan sweeps 100
Dwell time 320 ps
Skipped mass regions 22.50-23.50; 31.60-41.60; 79.60- 
80.40 amu
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3.1.1 Detection Limits
The concept of the limit of detection (LOD) is that it is the least amount of material 
the analyst can detect because it yields an instrument response significantly greater 
than a blank [Miller, 1991]. However, there is much controversy over the definition 
and measurement of LOD's. The most common definitions of the LOD take the form 
in which the lowest detectable instrument signal, yL, is given by
yL =  yB +  ksB
where yB and sB are, respectively, the blank signal and its standard deviation. Any 
sample yielding a signal greater than yL is held to contain some analyte, while samples 
yielding signals less than yL are reported to contain no detectable analyte. The 
constant k is related to the confidence limits adopted by the analyst, and hence when 
a LOD is quoted, its definition should be quoted. The recommendation which has 
been suggested by the International Union of Pure and Applied Chemistry (IUPAC) 
[Analytical Methods Committee, 1978] is that k should have a value of 3. This 
ensures that the probability that an analyte will be said to be present when it is in fact 
absent is 0.135% (i.e. 99.965 % Confidence Limits).
The LOD's determined in Table 3.2 are based on the LOD definition of yB + 3sB, 
where the value of sB was determined from 10 repeated measurements of the blank. 
In this case the blank is made in the same matrix as the standards with 1 % nitric acid 
(Aristar reagent, BDH, Dorset, Poole) in double deionised water (DDW, 18 MQ). 
These results have been compared to LOD's similarly calculated and presented by 
other ICP-MS workers [Gray, 1986],
The detection limits obtained in this study were similar to those obtained by Gray 
[1986] using multi-element scan conditions and are shown in Table 3.2. It is usual 
to present detection limits which have been determined using the ICP-MS in a single 
ion-mode which gives significantly better detection limits as can be seen from Gray's 
results [1986]. In the case of single element monitoring the detection limits are quoted 
for intergration periods of 10 seconds. However, in a one-minute intergration over
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240 amu, the effective intergrating time for each isotope is only about 0.25 s, and this 
is not all at the peak of the response. Although this does not affect the signal-to- 
background ratio, it does reduce the background count and thus increase the standard 
deviation, sB. Hence detection limits measured in multi-element mode may be up to 
an order of magnitude poorer than the single ion values quoted [Gray, 1989]. The 
detection limits reported were measured during routine running of the instrument in 
order to present a realistic view of the instruments detection capabilities. In general 
the detection limits for most of the elements were in the order of 0.2 to 10 ng ml-1 
with the exception of calcium, iron and selenium. These elements are known to have 
much higher detection limits because they are prone to isobaric interferences (see 
section 3.1.5.1). Table 3.3 shows the detection limits achieved for other trace 
elemental techniques and the detection limits obtained for ICP-MS in this and other 
studies compare favourably with these.
It must be noted that using the IUPAC definition of LOD it is clear that the relative 
standard deviation (RSD) at the limit of detection is 33.33%. Clearly for many 
determinations this level of precision is unacceptable. Hence, a more useful quantity 
to determine is the "limit of determination". This is commonly defined as yB +  10sB, 
indicating an RSD of 10 % [Miller, 1991].
3.1.2 Precision
Precision may be defined as the concordance of a series of measurements of the same 
quantity [Vogel, 1981]. The precision is a measure of the random errors in an 
analytical procedure. Random errors are revealed when replicate measurements of a 
single quantity are made; they cause individual readings to fall either side of the mean 
value. The standard deviation of a set of replicate analyses is a measure of precision. 
There are two types of precision measurements that may be referred to as repeatability 
and reproducibility. Repeatability is defined as the within-batch or within-run 
precision. Thus for a study of the analytical performance of the ICP-MS instrument 
it is this measure of precision which is most valid as it gives an insight into the 
precision of running a single solution (presumed homogeneous) through the 
instrument. Reproducibility is defined as the between run or between batch precision
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Table 3.2 Limits of Detection
Detection Limits (ng ml'1)
Element This study multi-element1 single element1
Li 1.7 3.6 0.1
B 3.8 5.7 0.4
Mg 7.0 1.2 0.7
Al 1.9 - -
Ca 300 - -
Sc 0.7 0.4 -
V 0.3 0.3 -
Cr 1.2 0.7 0.06
Mn 0.3 1.1 0.1
Fe 22.0 - -
Ni 3.0 - 0.1
Co 0.2 0.3 0.05
Zn 2.6 2.4 0.2
Cu 1.3 - -
As 1.0 1.0 -
Se 17 - 0.7
Br 4.0 - -
Rb 1.4 - -
Sr 0.4 0.3 -
Mo 1.0 0.7 0.04
Cd 0.3 0.6 0.05
I 0.2 - -
Cs 0.2 - -
Ba 0.2 0.3 -
Hg 0.8 0.4 0.02
Pb 0.2 1.5 0.05
1 Gray [1986]
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Table 3.3 A Comparison of Detection Limits (ng ml"1) for Various Multi-Element 
Techniques
Element ICP-MS' ICP-MS2 ICP-MS2 ETAAS3 ICP-AES3 INAA4-5 XRF2,4
Li 4.5 0.29 0.1 0.05 1.35
B 1.5 3.78 0.1 20 3
0.75 0.94 0.1 0.004 0.12 *
Al 0.9 0.97 0.1 0.04 6 2 *
Ti 0.45 2.43 0.06 1 0.75 4
V 0.6 0.16 0.03 0.2 3 0.2 5
Cr 0.3 0.11 0.02 0.01 3 -) 5
Mn 1.2 0.29 0.04 0.01 0.06 0.7 6.5
Fe . 1.62 1 0.02 1.5 50 5
Co 0.75 0.38 0.02 0.01 3 1 3
Zn 4.5 0.59 0.08 0.01 1.5 100 4.5
Cu . 0.23 0.03 0.02 1.35 2 3
Ge 1.5 . 0.08 0.2 15
As 10.5 2.84 0.05 0.2 30 1 5
Se 22.5 0.28 0.5 0.2 90 5
Br . 1 . 50
Rb 0.45 0.36 0.02 0.05 * 10 1.5
Ag 0.3 0.32 0.03 1 30 3
Mo 0.7 0.08 0.04 7.5 *
Cd 0.75 0.57 0.02 0.003 1.5 5 •N
In 0.15 . 0.02 0.05 45
Te 0.75 3.06 0.04 0.1 75 30
Cs 0.15 0.02 0.05 0.8
Ba 0.45 3.21 0.02 0.1 0.15 20 12
La 0.3 0.09 0.01 1.5 7.5
Ce 0.3 0.01 . 15
W 0.75 0.11 0.06 . 30
Au 0.3 0.11 0.1 0.1 6 0.005
Hg 0.6 0.23 0.3 1 30 0.8
Pb 0.45 0.3 0.02 0.05 30 500 3
Bi 0.3 0.11 0.04 0.1 30 *
Th 0.3 0.04 0.02 . 9
U 0.6 0.02 0.01 - 15 2 6
1. Date 1983; 2. Willaims 1989; 3. Perkin Elmer 1988; 4. Stika 1981; 5. Ward 1986 
* = >  1 pg ml*1; - = not reported.
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Table 3.4 Experimental and Theoretical Repeatability Determined for Two 
Standard Solutions at the Concentrations Shown
Solution A Solution B
Isotope Conc.1 Repeat.2 Theor.3 Conc.1 Repeat.2 Theor.3
7Li 20 3.0 0.9 1 4.5 1.4
“B 20 8.0 4.2 5 11.4 6.1
“ Mg 5* 1.5 0.3 25 3.0 0.1
17 Al 20 5.5 1.4 2 11.6 2.6
«Ca 5* 3.0 0.5 25 5.0 0.4
“ Sc 20 1.9 1.1 10 5.7 1.4
s«Y 20 3.6 1.4 -
*C r 20 3.3 1.6 -
53Mn 20 4.0 1.4 2 7.6 3.5
«Fe 500 3.0 1.2 -
i9Co 20 6.3 1.7 -
“ Zn 500 2.9 0.8 25 5.7 2.8
65Cu 500 1.9 0.7 25 8.0 2.8
75 As 20 7.0 3.7 -
nSe 500 4.3 2.1 10 18 10
79Br r 9.8 0.5 0.5 11 0.6
“ Rb 500 2.0 0.5 60 3.6 1.2
88Sr 20 4.2 1.4 5 6.6 2.2
98Mo 20 4.0 3.9 1 23 11
l,2Cd 20 6.7 3.2 2 12 8.1
127J 20 11.6 0.7 -
121Sb 20 4.4 2.4 -
120Sn 20 5.7 2.5 -
133Cs 20 4.5 1.6 0.2 16 9.5
l38Ba 20 3.1 1.6 -
292Hg 20 4.6 2.6 -
708pb 20 3.0 1.4 2 10 3.8
1. Concentration ng ml*1 or * pg ml*1.
2. Repeatability % - experimental data,
3. Repeatability % - theoretical value.
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and was considered in the context of the overall precision of sample analysis (section 
2.2) as it is a function not only of the random instrument errors but also of the 
random errors generated during sample preparation [Miller and Miller, 1988].
The results presented in Table 3.4 show the repeatability of measuring two standard 
solutions (number of replicate determinations, n = 10). Standard solution A is the 
multi-element standard used for generating the instrument calibration curve for the 
analysis of serum and similarly standard solution B is used for the analysis of 
cerebrospinal fluid. The elemental concentrations in standard A are generally at a 
higher concentration than in B and this reflects the variations between the serum and 
cerebrospinal fluid concentrations. The elemental composition of these standards is 
shown in Table 3.4.
In the case of the majority of the elements in solution A the repeatability of the 
measurements is less than 5 percent. This is adequate for most determinations. This 
value deteriorates to less than 10 percent in solution B as a result of the lower analyte 
concentrations which approach the instrumental detection limit. This would affect the 
analysis of cerebrospinal fluid where the the elemental concentrations of many of the 
trace elements approach the detection limit. Additionally dilution of the CSF during 
preparation would increase the determination limit for the analysis. The random errors 
affecting the instrument precision are due to instability in the instrument. These 
instabilities may be caused by fluctuations in the gas flow, varying nebulizer 
efficiencies, plasma tuning, the physical characteristics of the sampling interface and 
the tuning electronics of the mass analyzer [Olivares, 1988]. Another important factor 
is the count statistics. The standard deviation associated with a signal count rate of 
S is equal to S1/2. Hence the final column in Table 3.4 presents the calculated 
precision due to the count statistics alone. This enables us to evaluate the errors which 
can be apportioned to this factor. For example in the case of cadmium, 9.5 percent 
of the repeatability value is expected due to the poor count statistics. The further error 
can be attributed to instrument fluctuations.
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3.1 .3  Accuracy
The accuracy of a determination may be defined as the concordance between it and 
the true or most probable value [Vogel, 1981]. It is systematic errors which cause all 
the results in a series of replicates to deviate from the true value of the measured 
quantity in a particular sense i.e. all the results are too high or too low. It is generally 
accepted that the method used to reveal systematic errors is the analysis of standard 
reference materials, for which the "true" value of the analytical sample in question is 
known in advance. It is obviously very difficult to assess the accuracy of an 
instrument alone by using reference materials as there is generally some need for the 
pretreatment of samples. Although, of course, accurate results determined including 
sample pretreatment would ensure the accuracy of the whole procedure. However, to 
avoid any further complications the analysis of NIST 1643b Trace Elements in Water 
reference material has been carried out. The sample pretreatment is minimized by only 
the addition of the internal standards in a nitric acid solution (1%). The results are 
compared to those of other workers and are presented in Table 3.5. In general, the 
results are in good agreement with the certified data. A further method of assessing 
accuracy is by inter-analytical method comparison of the same sample [Ward et al., 
1990].
3 .1 .4  Linear Dynamic Range
The ICP-MS with pulse counting detector generally has a linear response up to 1.6 
x 105 counts per second [Gray, 1985]. However, this is being continually extended 
for example the Finnegan Mat Sola has a linear dynamic range covering 10 orders of 
concentration [Finnegan 1991]. Hence, in general, a standard solution at one analyte 
concentration similar to that in the sample solution will be used to calculate the linear 
calibration curve. This assumption has been verified for several solutions covering a 
concentration range of three orders of magnitude including the range most commonly 
found in biological fluids. Standard solutions were prepared containing B, Al, Co, Cr, 
V, Sb, Cs, Sc, Sr, Cd, As, Mn, Ni, Pb, Sn, Ba, Mo, Ge, Cu, Zn, Rb, Se, Fe, Ca, 
Mg and Br at a concentration of 1 ng ml'1 up to 5 pg ml'1. Additionally, Hg, Li and 
I were added to the standard solutions at a 25 times lower concentration level than the 
other elements to avoid contamination of the instrument with these 'sticky' elements.
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The results are graphically presented to show the increase in signal with increasing 
analyte concentration.
The figures presented show excellent linearity across a range of three orders of 
magnitude for a selection of elements measured across the mass range, see Figures 
3.1-3.7. This work shows that it is satisfactory to use one standard concentration and 
to extrapolate this to calculate the concentration of the sample solution. In practice 
random errors are minimized by choosing a standard concentration close to the 
elemental concentration present in the sample.
■ B + Al x  Li
Figure 3.1 A Graph Demonstrating the Linear Dynamic Range for the Isotopes
7Li, UB and 27A1.
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Table 3.5 Elemental Content of NIST 1643b Trace Elements in Water Reference 
Material
Elemental Concentrations (mean +  sd) (ng ml'1, * jug ml'1)
Element This Study Certified Others
Li <  1.8 - -
B 62 +  9 - -
Mg* 7.9 +  0.7 - -
Al 2.5 ±  0.2 - 0.63 ±  0.021
Ca' 33 +  3 - -
Sc 0.57 +  0.05 - -
V 42.5 ± 0.2 45.2 +  0.4 48.5 +  1.81
Cr 16.9 ±  0.4 18.6 +  0.4 23.6 ±  1.01
Mn 24.3 ±  0.5 28 ±  2 30.3 ±  1.51
Fe 112 ±  9 - -
Co 26 +  3 26 ±  1 28.7 +  1.31
Zn 64 ±  6 66 +  2 62.9 +  1.51
Cu 20 ±  3 21.9 +  0.4 23.4 ±  0.71
As 45.0 ±  0.2 - .
Se <  17 - -
Rb <  1.5 - -
Mo 82 +  13 - _
Cd 19 +  2 20 ±  1 17.8 +  0.51
I 2.6 +  0.3 - -
Sb 0.18 +  0.03 - -
Sn 0.35 ±  0.05 - 0.15 ±  0.011
Cs <  0.2 - .
Ba 30 ± 3 - -
Hg 0.15 ±  0.02 - -
Pb 20 ±  1 23.7 +  0.7 23.5 ±  0.51
1. Ward and Walker, 1989
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5'
Concentration (ng/ml)
Cr ** Co x  V
Figure 3.2 A Graph Demonstrating the Linear Dynamic Range for the Isotopes 
5iV, ^C r and S9Co.
+ Ba *  Mo x Ni
Figure 3.3 A Graph Demonstrating the Linear Dynamic Range for the Isotopes
^ i ,  "M o  and 138Ba.
56
5-
Concentration (ng/ml)
+ Cs *  Sb x Sn
Figure 3.4 A Graph Demonstrating the Linear Dynamic Range for the Isotopes 
noSn, m Sb and 133Cs.
+ Pb *  As x Cd
Figure 3.5 A Graph Demonstrating the Linear Dynamic Range for the Isotopes
75As, mCd and 208Pb.
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-+- Sc *  Sr x Mn
Figure 3.6 A Graph Demonstrating the Linear Dynamic Range for the Isotopes 
^Sc, S5M n and 88Sr.
■ Rb + Cu *  Zn
Figure 3.7 A Graph Demonstrating the Linear Dynamic Range for the Isotopes
^Cu, <®Zn and 85Rb.
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3.1.5 Effects of Interferences
In common with many other techniques ICP-MS is subject to several interferences 
which must be defined and understood in order to obtain a reliable overview of 
analytical performance. These interferences can be divided into two main groups, 
spectroscopic and non-spectroscopic.
3 .1 .5 .1  S p e c tro s co p ic  In te rfe re n c e s
Spectroscopic or spectral interferences in ICP-MS are related to signal overlap. This 
is caused by the inability of the quadrupole mass analyzer to resolve peaks which are 
separated by a mass-to-charge ratio of less than 1. Three types of spectral overlap 
have been identified depending on their origin i.e. isobaric, polyatomic and doubly- 
charged [Montaser and GoJightiy, 1992].
Isobaric interferences are caused by coincident isotopes of neighbouring elements, for 
example 40Ar+, 40Ca+ and 40K+. In general this type of interference can be avoided by 
using another isotope of the element. Only In has no isotope completely free of an 
isobaric overlap from another element. However, the alternative isotope may be less 
abundant than the preferred one which may lead to a decrease in sensitivity. A further 
possibility is to correct for the isotope of interest by measuring another isotope of the 
interferent, and thus calculating the amount of isobaric interference based on the 
abundance ratios and subtracting the interfering peak from the wanted one [Gray,
1989].
Polyatomic interferences are caused by spectral overlap of singly charged molecular 
species with the element of interest e.g. 40Ar23Na+ with 63Cu+. Figure 3.8 depicts the 
increase in the signal at mass-to-charge ratio of 63 due to increasing the amount of 
sodium carbonate in a sample solution. This is compared to 65Cu+ signal which does 
not suffer from a polyatomic interference.
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Cu 65 Signal —♦— Cu 63 Signal
Figure 3.8 The Effect of the Polyatomic Interfereiit ^Ar^Na on ®Cu compared 
to ^Cu with Increasing Concentration of Na
These interferents may be caused by:
(i) incomplete molecular dissociation of molecules in the plasma as with some 
molecular oxide (MO) formation, where it has been shown that the ratio of 
oxide to oxide plus metal ion increases with increasing MO bond strength 
[Gray, 1989];
(ii) the reactions of neutral and ion populations in the plasma gas and matrix.
Typically such reactions are between the most abundant species Ar+, 0 + and H+, 
yielding ions of entities such as OH3+, ArO+ and ArH+, all of which show the full 
range of their isotopic combinations. Similarly molecular species can be formed with 
the solvent containing acids such as N, Cl, P and S and with the matrix elements. 
Particularly with biological samples there can be problems due to Na, Cl and C (due
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to incomplete sample digestion). Table 3.6 contains a list of some isotopes with their 
possible polyatomic interferences formed in a simple nitric acid matrix [Olivares, 
1988]. Thus, the problems arising from polyatomic species can be numerous and the 
inability to account for a given interference can lead to erroneously high results. As 
a result of the seriousness of these problems several studies have been carried out to 
minimize these effects [Gray and Williams, 1987; Horlick et al.,1985] resulting in the 
use of a water cooled spray chamber, a high ICP power and low nebulizer flow rate 
(typically 1.5 kW and 0.7 to 0.9 1 min'1 respectively).
Doubly charged interferences (M2+) arise due to the low second ionization energy of 
some elements e.g. Ba and Ce, with second ionization energies of 10.00 and 10.85 
eV respectively. These interferences effect analytes at a mass-to-charge ratio of half 
that of the parent ion due to their double charge. In general, it has been found that 
doubly charged interferences are reduced by the same factors that affect polyatomic 
species.
3 .1 .5 .2  N o n - Sp e ctro sco p ic  In te rfe re n c e s
Non-spectroscopic interferences are interferences whose presence cannot be attributed 
to spectral overlaps. They are more commonly called matrix effects and occur when 
an analyte is in the presence of an element at a high concentration. Typical matrix 
concentrations thought to cause interference would be in the region of 500 to 1000 jug 
ml"1. The effect of these matrix elements is to cause a signal suppression although 
several workers have observed signal enhancement too [Beauchemin et al., 1987a]. 
These effects are not well understood. They appear to be instrument dependent, 
different effects having been observed by workers on the same type of instrument 
(e.g. VG Isotopes or Sciex instruments). They undoubtedly vary with operating 
conditions such as nebulizer flow rate, plasma power, sampling depth and ion-lens 
settings.
The results presented in Figure 3.9 show the effect of the addition of Na (1000 pg ml" 
x) on the Cu, Zn and Rb signals in a standard. In all cases the signal is suppressed, 
the extent of suppression being approximately 50%.
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Table 3.6 Typical Spectral Interferences Arising from a Simple Nitric Acid Matrix
Ionic Species Potential Interference with
14n 2+ 28Si+
14n 2h + 29Si+
14N160 + 3°Si +
14n 16o h + 31p+
3 o N> 32S +
16o2h + 33g +
18o I6o + Ms +
18o 16o h + 35C1+
36Ar+ 36g +
36ArH+ 37CT
38ArH+ 39K+
40Ar+ 40K+,40Ca+
40ArH+ 4IK+
40ArD+ 42Ca+
36Ar160 + 52Cr+
40Ar14N+, 38Ar160 + S4Cr+, 54Fe+
40Ar16O+ 56Fe+
36Ar*6Ar+ 72Ge+
38Ar36Ar+ 14Ge+, 74Se+
36Ar40Ar+ 76Ge+, 7SSe+
38Ar40Ar+ 7!Se+
40Ar40Ar+ 80Se+
40Ar40ArH+ 8iBr+
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Sodium Concentration (mg/l) 
Cu 65 —i— Zn 68 — Rb 85
Figure 3.9 The Effect of Adding Sodium at Various Concentrations on the 
Isotopes ^Cu, ^Zn and 8SRb.
3.1.6 Instrumental Factors Affecting Analytical Performance
The analytical performance of ICP-MS has been briefly reviewed above. However, 
these parameters have been assessed using one set of instrument conditions. The set 
of conditions selected were those designed to allow the VG PQ2+ instrument to be 
set up and operated for day to day routine analysis by a number of different operators 
[Gray and Williams, 1987]. It is possible to alter these conditions and hence affect 
the overall analytical performance of the instrument. The conditions chosen should 
reflect the type of sample being analyzed, the detection capabilities required, the 
number of elements required, the type of interferences expected in the sample and the 
specific elements being measured. Optimization of the analytical performance of the 
ICP-MS can be achieved by consideration of:
(i) the scan parameters;
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(ii) the type of sample introduction;
(iii) factors affecting the ICP system and interface such as plasma power, the 
flow rate of argon through the nebulizer and the sampling depth;
(iv) the conditions selected for the mass spectrometer.
3.2 System Optimization
It was felt necessary to look at the optimization of the ICP-MS instrument in this 
project for several reasons:
(i) cerebrospinal fluid contained elements at very low concentration levels;
(ii) the sample volumes obtained by lumbar puncture were approximately 
one millilitre thus sample dilution was required producing lower 
concentration levels which approached the instrument detection limits;
(iii) multi-element data was required for the cerebrospinal fluid at this 
exploratory stage of analysis.
As a result of the abnormalities encountered in Chapter II while undertaking analysis 
of samples using the set parameters used in numerous ICP-MS applications relating 
to geological, environmental and biological samples, clearly instrument optimization 
for biological samples of the nature of CSF needed further investigation. The 
preliminary results suggested possible interference problems and hence it was decided 
to evaluate optimization of the ICP and interface region of the ICP-MS.
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3.2.1 Overview of Inductively Coupled Plasma-Mass Spectrometry 
Instrumentation
Figure 3 .1 0  shows the main components of a typical system. In general, ICP-MS is 
divided into three basic parts: the inductively coupled plasma; the mass spectrometer; 
and the interface between them. The sample to be analyzed is introduced into a stream 
of argon gas, usually as a fine aerosol of aqueous solution by nebulisation. This 
stream of gas punches through the core of an argon plasma at atmospheric pressure 
sustained by radio frequency (RF) energy. The plasma's high temperature (»  8 0 00  
°K) causes the sample to desolvate, vaporise and ionise. A portion of the plasma is 
transported via differential pressure stages into a vacuum system where positively 
charged elemental ions are extracted and filtered according to their mass-to-charge 
ratio. Each naturally occurring element has a simple, characteristic fingerprint of one 
or more isotopes - the signal from a particular isotope relates linearly to the 
concentration of the element in the sample [Gray, 1985].
The system is controlled by a computer which provides control and safety functions 
for the whole system and enables the operator to start and run the system. 
Additionally it allows data handling and readout of results. The instrument is 
protected against maloperation by an automatic shutdown procedure which occurs if 
the plasma is extinguished, if there is any failure of the extraction aperture or 
skimmer, or if there is a rise in pressure at the mass spectrometer side of the 
operation.
3 .2 .1 .1  D e s c rip tio n  o f  th e  In d u c tiv e ly  C o u p le d  P la s m a
The ICP is contained in a glass walled tube of internal diameter 18 mm, called the 
torch. A continuous flow of around 15-16 1 min'1 of argon serves as the coolant for 
the glass tube. An RF induction coil is wrapped around the outside of the tube to 
which power is delivered, usually at 27 MHz. The resulting intense varying magnetic 
and electric fields within the coil transfer energy to free electrons in the plasma. 
These in turn raise the gas temperature through collisions with other species. To start 
the plasma the gas stream has to be seeded with free electrons, but subsequently it can 
run stably and indefinitely since ionisation processes replenish the free electron
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supply [Gray, 1989].
Samples are transported as a fine aerosol in another stream of argon, the nebulizer 
gas. This carrier stream is injected into the base of the plasma, which assumes a 
stable annular form with the carrier gas passing up through the centre. Figure 3.11 
and Figure 3.12 show schematic diagrams of the plasma torch and fireball 
repectively.
Figure 3.10 A Schematic of an ICP-MS system, (A) Sample Introduction Unit, 
(B) Inductively Coupled Plasma, (C) Differentially Pumped Interface, (D) Ion 
Optics, (E) Quadrupole Rod Set, (F) Channeltron Multiplier Detector
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Figure 3.11 The Plasma Torch, (A) Inlet for Aerosol Carrier Gas, (B) Inlet for 
Auxiliary Argon Gas, (C) Inlet for Coolant Argon Gas, (D) Plasma Load Coil, 
(E) Plasma Fire Ball.
Figure 3.12 The Plasma Fireball, (A) Preheating Zone; 7000 - 8000 K, (B) Initial 
Radiation Zone; — 8000 K, (C) Induction Region; — 10000 K , (D) Normal 
Analytical Zone ~  6000 K.
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3 .2 .1 .2  D e s c rip tio n  o f  th e  In te rfa c e
The interface of the ICP-MS is described as the connection between the ICP and the 
mass spectrometer. The ICP works at atmospheric pressure, operates at a very high 
temperature and contains a high number of neutral species. Conversely the quadrupole 
mass analyzer needs to work at a pressure of 10'5 mbar or less. Sufficient plasma ions 
have to be transported between these two very different regimes without undergoing 
any reaction that might corrupt the final signal for a given element. The interface 
mechanism is as follows; a cooled sampling cone with tip aperture of about 1 mm 
diameter is introduced into the heart of the plasma. The region behind this cone is 
evacuated with a mechanical rotary vacuum pump to around 2 mbar. With this 
pressure differential and aperture diameter, the plasma flows through in a continuum 
regime and forms a supersonic jet in the space behind the aperture. Continuum flow 
occurs when the mean free path to hole diameter ratio is less than around 10'2, which 
is important because an essentially undisturbed bulk plasma is then extracted.
If the aperture diameter is too small, then the much cooler boundary layer, which 
naturally forms when the plasma strikes the sampling cone, will extend over the 
aperture. Ions are then sampled from a much cooler region where clustering reactions 
can occur, and hence the overall goal of sampling an undisturbed plasma is lost [Gray 
and Date, 1983].
The supersonic jet is bounded in circumference by a barrel shock and downstream by 
a shock front where it is halted by the residual gas pressure. A second skimmer cone, 
with its geometry chosen to minimise its disruptive effect on the beam, is placed 
downstream from the sampling cone with its tip inside the shock wave system. 
Approximately one percent of the plasma passes through the skimmer cone which is 
usually 0.7 to 1 mm in diameter.
3 .2 .1 .3  D e s c rip tio n  o f  th e  M a ss  Sp e c tro m e te r
The positive ions which have passed through the skimmer are extracted and 
transported to the quadrupole by an electrostatic lens system. The quadrupole mass 
filter works by creating a particular time varying electric field in the space between
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its four electrodes, which only allows a stable trajectory for ions with a narrow range 
of mass-to-charge ratio. Ions sampled from an ICP source have a mean energy around 
10 eV with spreads around this mean energy of 5 to 10 eV. This is well matched to 
the quadrupole which needs low energy ions to give them sufficient time in the 
electric fields, but which is fairly tolerant of a spread in input ion energy. The ICP 
source also tends to be fairly variable on short timescales, so the ability of the 
quadrupole to scan the entire elemental mass range every 100 milliseconds or so is 
invaluable for signal averaging.
To get good overall instrument sensitivity ion transmission must be good, which 
dictates the use of comparatively large quadrupoles, with electrodes typically over 200 
mm long and 12 mm in diameter. Finally the ions are collected by an ion detector. 
In most designs an ion-counting continuous dynode electronic multiplier is used, 
which produces a charge pulse of almost 108 electrons for each incident ion. With 
such large pulses fast signal handling electronics can count each individual ion for the 
mass-to-charge ratio selected by the quadrupole.
Overall, the transport efficiency from the element in the sample container to the ions 
arriving at the detector varies from typically a few in 109 for light elements like 
lithium to a few in 106 for heavy elements like uranium. The efficiency of the aerosol 
generation prior to introduction of the sample into the plasma is around one percent, 
so the transport of the instrument proper, from plasma to ion detector, is in the range 
one to 1011 to one in 108. [Gordon, 1988]. Despite this, the ICP-MS is very sensitive 
allowing detection of elements down to levels of 10 pg ml*1 in some favourable 
matrices.
3 .2 .2  Instrument Parameters Affecting Signal Optimization in the ICP-Interface 
Region o f the ICP-MS
Optimization is described as producing the largest, most stable signal with minimum 
interferences. However, the level of interference tolerated may vary depending on the 
elements required for a given application. For example, a geologist wishing to 
measure gallium may be concerned about doubly charged and oxide interferences
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which could cause both gallium signals to be effected, 69Ga+ by 55Mn160 + and 71Ga+ 
by 138Ba2+. The performance of the ICP and interface of the ICP-MS is dependant on 
parameters such as plasma power, carrier gas flow rate, aperture to load coil 
separation and water content of the carrier gas flow and aerosol, and these are 
mutually interdependent.
The water content of the carrier gas is an important parameter because hydrogen and 
oxygen ions together contribute to a substantial fraction of the total plasma electron 
population and it is important to keep this stable. The peristaltic pump keeps the water 
introduced as an aerosol constant, whilst the temperature of the spray chamber is 
stabilized by use of a water jacket at approximately 10 °C such that evaporation from 
water surfaces in the spray chamber to the carrier gas can be minimized.
The aperture to load coil spacing is normally set at 10 mm and not varied. This 
spacing is related to the plasma operating conditions since it is important that 
dissociation and ionization are as complete as possible before the carrier gas flow 
reaches the aperture of the sampler. When this spacing is reduced or the carrier gas 
flow is increased the ion response rises as more ground-state ions are extracted but 
this carries a more increased risk of incomplete dissociation of major matrix species.
In general, several workers [Horlick et al., 1985] have identified carrier gas flow rate 
and power as principal factors affecting signal optimization in the ICP-interface. It has 
been shown that for a given power with nebulizer flow rates ranging from 0.3 to 1.3 
1 min*1 the optimum signal for each element is reached at a higher nebuliser flow rate 
as the power is increased [Gray and Williams, 1987].
As a result of the above observations it was concluded that the most useful and easily 
changed parameter to consider for optimisation of an ICP-MS system was the 
nebuliser flow rate (NFR) or the carrier gas flow rate.
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3 .2 .3  Initial Experiments to Investigate Signal Optimization with respect to 
N ebulizer Flow  Rate (NFR)
3 .2 .3 .1  E x p e rim e n ta l P ro c e d u re
Two multi-element standard solutions were made up for this experiment to contain 
elements at concentrations of a similar order of magnitude to those found in biological 
fluids. Standard A contained Li, B, Al, Sc, V, Cr, Mn, Co, Ni, Ge, As, Sr, Mo, Cd, 
Sn, Sb, I, Cs, Ba, Hg and Pb at a concentration of 20 ng ml'1; Cu, Zn, Fe, Se and 
Rb at a concentration of 50 ng ml'1; Br at 1 pg ml'1; Mg and Ca at 5 pg ml"1; all in 
a solution of 1 % nitric acid. Standard B contained the same elements as above but 
also sodium at a concentration of 1000 pg ml"1 in a solution of 1 % nitric acid. In most 
cases the anion was nitrate, in the case of sodium the anion was carbonate. The 
instrument conditions were set up as shown in Table 3.1, with an operating power of 
1.35 kW. The signal was initially optimized using 7Li+, li5In+ and 138Ba+ signals at 
a nebulizer flow rate (NFR) of 820 ml min'1. An attempt was made to reoptimize the 
signal at each NFR used, however, there appeared to be little change noticed in the 
reoptimized settings. The instrument was washed between each standard for a period 
of 10 minutes to ensure adequate flushing out of the system prior to introduction of 
the next standard. The sodium ion signal was monitored as a guide to ensure that the 
instrument was thoroughly washed out. Starting with a NFR of 620 ml min'1 standard 
A was introduced for one minute to allow the sample to reach the plasma via the 
nebulizer. This was checked by monitoring the ion signal. The full mass range was 
scanned with the exception of mass 80 (ArAr+ dimer) and 23 (Na+) as the signals at 
these mass-to-charge ratios were so large they would have damaged the detector 
should they have been monitored. Three replicates of each standard were carried out. 
The system was then washed as described previously and Standard B was introduced 
following the same procedure. The NFR was set to 680 ml min'1 and the experiment 
was repeated. The NFR was eventually increased to a maximum of 1080 ml min'1 for 
two main reasons: firstly it was observed that the signals at this flow rate were 
beginning to decrease; and secondly the back pressure increased dramatically with the 
increase in NFR which risked dismantling the system. Figure 3.13 shows the increase 
in back pressure with increasing NFR.
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3 .2 .3 .2  R e s u lts  a n d  D is c u s s io n
A selection of the results are presented in the Figures 3.14 to 3.22. These graphs 
cover the general trends observed for the signal versus NFR for the elements and for 
some of the spectroscopic interferences. An interpretation of the graphs for non- 
spectroscopic interferences will be presented in section 3.3.
The general trends in signal versus NFR for a variety of elements is shown in Figures 
3.14 and 3.15. Figure 3.14 contains a selection of the heavy elements analyzed and 
Figure 3.15 the lighter elements. The y-axis of these graphs represents the signal per 
mole of element, this has been calculated to allow for the abundance of each isotope 
of the element being measured. The signal has been calculated per mole of element 
in order to account for differences in the molar mass of elements; for example 20 ng 
ml’1 of Li (relative atomic mass 7) would contain a significantly greater number of 
atoms than 20 ng ml'1 of Cs (relative atomic mass 133). One mole of each element 
will contain exactly the same amount of atoms. From these figures it can be seen that 
at the lowest NFR of 620 ml min'1, the signal per mole is very low. This can be 
explained such that the flow rate is insufficient to pierce the plasma thus very few 
ions are entering the interface and subsequently the detector. In general as the NFR 
is increased the signal is increased up to an optimum. The signal is then seen to 
decrease again in both figures when it reaches a level of 1075 ml min'1. This decrease 
is thought to be due to the short residence time of the elements in the plasma such that 
they have insufficient time to achieve dissociation and ionization. Between the two 
Figures 3.14 and 3.15 there is a noticeable difference in the behaviour of the heavy 
and light elements. The heavy elements seem to reach an optimum signal at a flow 
rate of about 820 ml min'1, the signal remains at a plateau, with in some cases a slight 
increase of signal at 1020 ml min'1, then drops rapidly as explained previously. 
However, for the lighter elements the signal is seen to gradually increase with 
increasing NFR up to an optimum at 1020 ml min'1, then decrease as explained 
earlier.
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Figure 3.13 A Graph Showing the Increase in Nebulizer Back Pressure with 
Increasing Nebulizer Flow Rate
—1— Ba •—»<— Cs —e— Sb —x— Hg
Figure 3.14 Response for the Heavy Mass Isotopes mSb, 133Cs, 138Ba and 202Hg 
as with Increasing NFR.
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Li - h— B —x— Be
-e -A I - Mg
Figure 3.15 Response for the Lighter Mass Isotopes 7Li, 9Be, UB, 25Mg and 27A1 
as with Increasing NFR.
— As —<— Sb
Figure 3.16 Response for the 7SAs compared to 121Sb with Increasing NFR.
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—m— Li xc— Rb >< ■ Cs
Figure 3.17 Response for Group I Elements Showing the Isotopes 7Li, 85Rb and 
133Cs with Increasing NFR.
■— Cu 63 —1— Cu 65
Figure 3.18 Response for the ^Cu compared to ‘“Cu with Increasing NFR.
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Nebuliser flow rate (ml/min) 
Cu —*— Zn
Figure 3.19 A Comparison of the Response for ^Cu and ^Zn with Increasing 
NFR.
—  Li — Al Sr
-S - In -x -  Ho
Figure 3.20 A  Comparison of the Signal Stability of Several Isotopes
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The reason for this difference in behaviour is unclear. It may be that as the NFR is 
increased the speed at which the lighter elements travel through the sampler in the 
interface is increased thus making them less likely to be deflected off-axis in the 
interface region and therefore more likely to be detected. This deflection is not noticed 
with heavier elements as their heavier mass makes them less susceptible to being 
deflected off-axis. This mechanism of interference is discussed in more detail in 
section 3.3.1 where it is referred to as "space charge" effects.
However, it should be noted that this is not the usual shaped signal to NFR graph as 
obtained by Gray and Williams [1987] and Long and Brown [1986]. They had an 
optimum signal around 800 ml min'1 which was Guassian shaped around the optimum. 
This optimum signal was obtained at a NFR of approximately 800 ml min'1 for all the 
elements across the mass range. A suggestion for this difference in results could be 
due to the presence of a secondary discharge [Tanner, 1991; Crain etal., 1990]. This 
secondary discharge is caused by interaction between the sampler and charged species 
in the plasma [Olivares and Houk, 1985]. The results in this study are similar to those 
obtained by Crain et al. [1990] who examined the degree of ionisation to NFR graphs 
for the elements Sb and As. They showed that the degree of ionisation for Sb 
decreased smoothly with increasing NFR, while that for As increased sharply at a 
NFR of 1150 ml min'1. Their explanation was that Sb probably transverses the 
secondary discharge without significant perturbation of the ion-to-atom ratio, even 
under conditions which increase the severity of the discharge (i.e. high NFR), whilst 
As is not able to do so. This phenomenon may be due to inter-element differences in 
ionisation kinetics. Figure 3.16 shows similar results obtained for Sb and As during 
this study.
Figure 3.17 shows differences between the signal per mole for Li, Rb and Cs as NFR 
is increased. These differences cannot be attributed to differences in ionisation energy 
of the elements as they have low ionisation energies and would be expected to be one 
hundred percent ionised in the plasma. This graph serves to emphasise the differences 
found between the heavy and light elements. Firstly, Li shows a gradual increase of 
signal per mole as the NFR increases with a peak which starts at 820 ml min'1, dips
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slightly, then increases at 1020 ml min'1 where the secondary discharge is occurring. 
The Rb and Cs signal per mole values reach and maintain a plateau at a NFR of 820 
ml min'1 and increase slightly but not as dramatically as Li at 1020 ml min'1. 
Secondly, the Cs magnitude of the signal per mole ratio is larger than that of Rb 
which is larger than Li. This difference may be attributable to mass differences. Li, 
the lightest element of these three, being more likely to be deflected off-axis in the 
interface region of the ICP-MS by heavier elements, whereas Cs being heavier would 
be more likely to maintain its line of trajectory and thus be detected. In some cases 
it is possible to observe small differences in signal per mole when there are only small 
mass differences as with isotopes. In Figure 3.18 it can be seen that for 63Cu+ and 
65Cu+ there are slight differences observed in the magnitude of the signal per mole 
particularly at high NFR's. In all cases the slightly lighter 63Cu+ giving the lowest 
signal per mole.
However, it is not the mass differences alone which cause differences in the signal per 
mole values. For example, in Figure 3.15, based on the above hypothesis, the signal 
per mole value would be expected to be highest in the heavier Be and B ions 
compared to Li. As can be seen from the graph this is not the case and hence it may 
be postulated that the first ionisation energy of each element is also important. This 
parameter appears to be most important in the region where the secondary discharge 
may be occuring, at 1020 ml min'1, as the change in signal from 980 ml min'1 to 1020 
ml min'1 is most significant for Li, then B, then Be, in order of increasing magnitude 
of their first ionisation energies. Figure 3.19 also emphasises the effect of different 
ionisation energies on the signal per mole versus NFR graphs. This shows Cu and Zn 
where the first ionisation energy of Cu is lower than that of Zn (7.7 eV compared to 
9.4eV) and consequently the magnitude of the Cu signal per mole is greater than that 
of the Zn as the NFR increases.
Figure 3.20 shows the stability of the signal for several elements with increasing 
NFR. This has been presented in the figure as the relative standard deviation of three 
measurements at each flow rate. The signal is most stable over the NFR range 750 
to 1020 ml min'1 where it is less than five percent. At the lower NFR's the signal
78
count rate is smaller in magnitude hence there is a decrease in signal stability. At the 
higher NFR's there is pulsing of the plasma which again leads to a reduction in 
stability of the signal and therefore less precision.
Figure 3.21 shows the effect of increasing the NFR on the signals of several oxide 
species. The signals shown in the graph are relative to the signal at 1070 ml min'1 
such that all three oxide interferences can be represented on the same axis. The signal 
is low at NFR's less than 980 ml min'1 after which it increases rapidly. The increasing 
amount of oxides with increasing NFR is consistent with the hypothesis that the high 
flow rate is allowing the sample to pass more quickly through the plasma without 
undergoing as much dissociation and ionisation. The increased oxide levels indicate 
also that dissociation is not being carried out at high NFR’s as efficiently as at low 
NFR's. With respect to doubly charged interferences as shown in Figure 3.22 using 
Ba as an example (because of its low second ionisation energy of 10.001 eV), the 
138Ba+ signal followed the trend shown by heavier elements whereas the 138Ba2+ signal 
continued to rise as the NFR increased. This trend has been observed by several other 
workers [Houket al., 1981b; Douglas and French, 1986) and has been attributed to 
the secondary discharge. For both the oxide and doubly charged interference species 
the range of NFR showing lowest signal is from 720 ml min'1 to 880 ml min'1.
A further interference effect is that of matrix interferences or non-spectroscopic 
interferences. These will be discussed in more detail in the following section.
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Nebuliser flow rate (ml/min)
Figure 3.21 Relative Signal for the Oxide Interferences 40Ar16O+, 138Ba160 + and 
16SHo160 + with Increasing NFR.
Ba+ — Ba2+
Figure 3.22 A Comparison of the 138Ba+ and 138Ba2+ Signals as the NFR is 
Increased.
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3 .3 .1  A  Review  o f Literature Concerning Non-Spectroscopic Interferences
Non-spectroscopic interferences, as explained in section 3.1.5.2, are those in which 
the variations in the intensity of the signal for a certain analyte cannot be accounted 
for by any recognisable spectral overlap. These interferences are caused by a large 
excess of an element or elements in the sample matrix which give rise to a 
suppression or enhancement in analyte signal, compared with the standard. They are 
thus also referred to as matrix effects. These non-spectroscopic interferences despite 
being discovered at the early onset of the ICP-MS [Olivares and Houk, 1986] are 
poorly understood and characterised compared to spectroscopic interferences.
Several studies relating to this topic have been conducted and a selection of the more 
extensive studies are given in Table 3.7. As can be seen from this table a wide variety 
of concomitant elements have been assessed as has their interference on a range of 
analyte elements.
Most authors have noticed a suppression of signal with concomitant elements. 
However, signal enhancement has been observed [Beauehemin et al., 1987a] and 
several authors have shown that it is possible to produce signal enhancement or 
attenuation depending on the chosen operating conditions [Tan and Horlick, 1987]. 
The extent of the suppression effect was found to vary, some authors reporting no 
suppression [Wilson etal., 1987] whilst others reported levels as high as forty percent 
[Brotherton et al., 1989].
There are several factors which have been found to influence the extent of matrix 
effects, and a brief summary of these will be presented. Gregoire [1987], among 
others found that the greater the atomic mass of the concomitant element, the greater 
was the analyte ion count rate suppression. Also the greater the atomic mass of the
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Table 3.7 A Summary of the Literature on Matrix Effects Studied Using ICP-MS
Analytes Concomitant Elements Effect Reference
V , Cr, Mn, Ni, Co, Cu, 
Zn, Cd, Pb
Li, Na, K, Cs, Mg, Ca, B, 
Al, U
Enhancement, no effect 
and suppression
Beauchemin, 1987
Li, Rb, Th Ca, Fe, Mn Suppression Date, 1987
Li, B, Ni, Sc, Y, TI Na, K, Sr, Cs Enhancement and 
suppression
Gregoire, 1987
Co, Y , La, Bi Na, Fe, Pb, K, Li, Sm, 
Tl, Yb, Cr, Dy, Bi, Ag
Suppression Kawaguchi, 1987
Sc, Cr, Zn, Ga, Cu, Li, 
Al, Co, Ba, Rh, Pb, Th, 
Mn
B, Na, Cs, Rh, Cd, In,
Sn, Sb, Zn, Rb, Au, T l, U
Enhancement and 
suppression
T an ,1987
Co, Ni Na, Fe, Ca Suppression Thompson, 1987
Cd Na, P04J- No effect Wilson, 1987
Y, Co, As Na, K, U Suppression Crain, 1988
Li, Rb, Th U Suppression Gillson, 1988
Co Na, Mg, NH»+, Cl, Br, I Suppression Olivares, 1988
Bi, Co, Mg, Pr, Y Al Suppression Williams, 1988
Co, In, Ba, Pb Na Suppression Brotherton, 1989
Al, Co, Y, In, La, Tl Li, B, Na, K, Cr, Zn, Rb, 
Mo, Cd, Cs, Sm, Ho, Lu, 
Pb
Suppression Kim, 1990
Ba Co, Pb Suppression Wang, 1990
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analyte, the lower was its susceptibility to ion count rate suppression by any 
concomitant element. He found that the severity of non-spectroscopic interferences 
decreased as the sampler orifice was positioned further away from the centre of the 
plasma and that dilution of a solution containing a given molar ratio of concomitant 
to analyte reduced the extent of the analyte ion suppression. He attributed these 
findings to an effect called ambipolar diffusion. Ambipolar diffusion is described as 
an increased diffusion of charged particles in the presence of an electric field. The 
electrons contained in the plasma tend to diffuse at a greater rate than do the ions 
present. The electric field that results from this charge separation tends to increase the 
diffusion velocity of the ions while at the same time decrease that of other electrons. 
Consequently the plasma broadens and less analyte ions are sampled causing signal 
suppression.
Kim et al. [1990] observed several factors affecting the degree of interference: the 
mass of the matrix element and analyte; the ionization potential of the matrix element; 
the voltage of the first ion lens; and the sampling depth. The authors concluded that 
these effects could not be explained by one mechanism and that several combinations 
of mechanism must be attributing to these effects both in the plasma and the interface 
of the ICP-MS.
Kawaguchi et al. [1987] also observed that the larger the atomic weight of the matrix 
element the greater the analyte suppression. They attributed this to ion scattering by 
collision with matrix atoms or ions in the course of the ions travelling from the 
sampling orifice to the detector.
Olivares and Houk [1986] tried to account for the suppression they observed due to 
an ionisation suppression factor. From the ionisation equilibrium of the element, M:
M ("? M+ +  e
They proposed that by adding a greater concentration of matrix element, more 
electrons are produced which moves the equilibrium position above to produce more
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neutral species thus lowering the amount of M+ and consequently the ion signal. 
However, by theoretically calculating the suppression factor from the above 
equilibrium they were unable to account for the magnitude of the suppression which 
they encountered experimentally. They therefore concluded that there were further 
factors influencing the signal suppression and not just the ionization mechanism.
Beauchemin et al. [1987a] observed an enhancement of analyte signal caused by 
certain matrix elements, Na, K, Cs, Mg and Ca; a suppression of signal caused by B, 
Al and U; and no effect observed when Li was the concomitant element. They 
suggested that the key factor was the rate of atom-electron collisions. When this 
increases substantially (as with the presence of easily ionized elements), the ionization 
of the analytes is favoured more than their recombination with electrons. If the 
concomitant elements form refractory oxides e.g. B, Al and U that can deposit on the 
interface, then the collisional rate is lower and the recombination is favoured causing 
suppression of the analyte signal. When no effect is seen, the ionization induced by 
collisions is balanced by the recombination. Crain et al. [1988] studied the influence 
of Na, K and U salts on analyte ion signals for Y, Co and As. In general, the analyte 
signals were suppressed in the presence of excess matrix element. If the skimmer 
orifice was larger than the sampler orifice, the extent of suppression was greatest for 
the analyte of highest ionization energy (As) and least for the analyte of lowest analyte 
energy (Y). In this case, the extent of signal suppression induced by the three matrix 
elements did not differ much despite their substantial difference in mass. If the 
skimmer orifice was smaller than the sampler orifice, the analyte signal was 
suppressed more extensively. The three analytes were suppressed by about the same 
extent by a given matrix element, and the heavier matrix element (U) induced much 
more suppression than the lighter ones (e.g. Na). Thus, simply reducing the diameter 
of the skimmer orifice altered the trends in the interference effects. With the skimmer 
orifice larger than the sampler orifice, the trends in interference effects could also be 
changed if the first ion lens was biased at a positive voltage. The authors proposed 
the following explanation that heavier ions would be enriched on the central axis of 
the supersonic expansion between the sampler and the skimmer. Light ions were 
scattered more efficiently toward the outer edges of the jet, whereas heavy ions were
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scattered less efficiently and tended to remain in the centre of the jet. The enrichment 
of heavy ions relative to light ions increased as the skimmer diameter decreased. 
Thus, for a smaller skimmer, heavy U ions yielded more extensive suppression than 
light Na ions because the density of 238U + in the vicinity of the skimmer was higher 
than 23Na+ if equimolar solutions of the two elements were used. If the skimmer 
diameter was large, perhaps it transmitted a large enough fraction of the jet for 
enrichment effects to be minimal and 238u + caused the same extent of suppression as 
other easily ionized matrix elements. The authors also noticed deposition of solid 
material on the cone during this experiment. This theory is very similar to the theory 
of space charge effects proposed by Gillson et al. [1988]. This effect was shown in 
section 3.2.3 whereby the heavier elements give a higher signal per mole than the 
lighter elements which is referred to as mass discrimination. This is explained in 
terms of the space charge effect theory by postulating that the ion beam within the 
skimmer is space charge limited; i.e. it has a density which is so high that mutual 
repulsion will not allow the ions to remain tightly focused. The extent of defocusing 
depends on the mass and energy of the ions, with lighter (less energetic) ions being 
defocused much more readily than heavier (more energetic) ions. Ions which defocus 
are presumed lost at the skimmer wall. The defocusing mentioned here is as a result 
of the excessive 40Ar+ current and not a matrix effect. When heavy matrix ions 
initially comprising only 0.1 to 1 percent of the beam arrive at the skimmer they can 
perturb or dominate the current leaving the skimmer due to mass discrimination. (The 
larger the ion the greater the perturbation.) This results in increased defocusing of 
lighter ions within the skimmer and also alters the space charge and hence the ion- 
trajectories in the ion optics downstream of the skimmer. Thus the greatest matrix 
effects would be experienced by a light element in a heavy matrix ion and the best 
case should be a matrix ion having a mass-to-charge ratio less than 40Ar+ such as 
23Na+. In the case of 23Na+ little or no matrix effect should be seen because 23Na+ 
ions should be defocused to an even greater extent than 40Ar+ ions; little or no change 
in the beam current down stream of the skimmer should be expected. However, 
Gillson et al. [1988] do remark that exact changes to analyte signals will depend on 
the details of the ion optics and the potentials applied to the lenses, so some variation 
of matrix effects is expected. They also state that plasma conditions should have a
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marked influence on the observed effects. Any change to the ICP which reduces the 
density of matrix ions relative to argon ions (e.g. higher power, lower NFR, or 
sample dilution) would be expected to decrease the change in ion current at the base 
of the skimmer and minimize matrix effects. As NFR is increased to the point where 
ion count rates are maximized, matrix ions become more concentrated relative to 
40Ar+. This will magnify the effects described above. However, the plasma is also 
being cooled and so ionization suppression effects may become significant or 
dominant.
In addition to the matrix interactions described above several authors have also 
noticed blockage of the sampling cone [Williams and Gray, 1988] and sample 
introduction by flow injection has been used to overcome this effect [Wang et al.,
1990].
Tan and Horlick [1987] found that matrix effects were affected by changes in 
operating conditions such as NFR, power and sampling depth; the most influential of 
these being the NFR. This would be in agreement with Gillson et al.'s [1988] theory 
of space charge effects. For some elements they were able to obtain signal 
enhancement and suppression depending on the chosen operating conditions. They 
concluded that authors using one set of instrument parameters may have drawn over­
simplified conclusions. Additionally, they summized that it may be necessary to lose 
signal sensitivity in order to minimize matrix effects.
Several workers have considered ways of minimizing these matrix effects. Wang et 
al. [1990] tuned the instrument in the presence of the matrix ion and found that it 
made the analyte signal less depressed for heavier matrix elements but had less effect 
on lighter matrix elements. Williams and Gray [1988] found that sensitising the 
instrument to an element then reoptimizing the signal produced less suppression of the 
analyte signal. Thompson and Houk [1987] used internal standards to correct for the 
suppression which they had experience during the course of their experiments. 
However, they concluded that due to instrument construction variations matrix effects 
should be looked at and possible corrections applied only after optimization and
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consideration of the effect of various internal standards for a given system.
Overall it would appear that optimization may be necessary for a particular matrix 
using a given ICP-MS instrument. In the following two sections results calculated for 
standard B prepared in section 3.2.3.1 are examined to show the effect of a sodium 
matrix on the precision and linear dynamic range of the ICP-MS.
3 .3 .2  Effect o f Sodium on Precision
Figures 3.23, 3,24 and 3.25 show the signal stability of 65Cu, 25Mg and 85Rb 
respectively, as measured from the relative standard deviations of the three readings 
described in section 3.2.3.2. In general, the signals without sodium are slightly more 
stable (lower RSD's) than those measured with sodium present. There is more 
instability of the signal than is predicted from the error calculated from assuming a 
Guassian distribution i.e. (signal)172. The signals for all of the elements are most stable 
over the range 720 to 880 ml min'1, with increasing instability of the signal at lower 
and at higher nebulizer flow rates as explained earlier.
3 .3 .3  Effect o f Sodium on the Linear Dynamic Range
Figures 3.26 to 3.30 compare results showing the linear dynamic range of samples 
where no sodium was added compared to those with sodium added for a selection of 
elements. The results are presented for elemental concentrations for the range 1 ng 
ml'1 to 5 pg ml'1, the standard solutions were made up in five percent nitric acid and 
one set of standards contained 1000 pg ml'1 sodium prepared from a 10000 pg ml'1 
stock solution of sodium as sodium nitrate. From these figures it can be seen that this 
elemental range remains linear despite the addition of sodium. In some cases, for 
example Mg, Ba and Pb, the signals were attenuated in the sodium matrix compared 
to the solutions without sodium, particularly at the low concentration levels. This may 
have arisen because the blank corresponding to the sodium solution had higher 
impurity levels than the blank containing no sodium. Hence after blank correction the 
analyte levels in the sodium matrix were closer to or below the detection limit. The 
results were corrected for any drift in the standard during the run and a mean value 
of five readings is presented. As expected the relative standard deviations measured
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—■*— Na {—'— No Na J — Na Theory -e -  Theory
Figure 3.23 The Effect of Sodium on the Signal Stability for ^Cu as NFR is 
Increased.
Na ( —i— No Na J Na Theory Theory
Figure 3.24 The Effect of Sodium on the Signal Stability of 25Mg as NFR is 
Increased.
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-m - Na (•—«— No Na) -»*- Na Theory -e -  Theory
Figure 3.25 The Effect of Sodium on the Signal Stability for 85Rb as NFR is 
Increased.
+ (Ba + Na) x Ba
Figure 3.26 The Effect of Sodium on the Linear Dynamic Range of 138Ba
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.27 The Effect of Sodium on the Linear Dynamic Range of 133Cs.
{Mg + Na) x Mg
Figure 3.28 The Effect of Sodium on the Linear Dynamic Range of 2SMg.
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■+• ^Mo + NaJ x Mo
Figure 3.29 The Effect of Sodium on the Linear Dynamic Range of ^M o.
+ (Pb + Na) x  Pb
Figure 3.30 The Effect of Sodium on the Linear Dynamic Range of 208Pb.
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from the five readings of each sample were higher for the low concentration range and 
less than five percent at the higher concentration range. The solutions containing 
sodium gave similar results in terms of their relative standard deviation measurements, 
showing comparable stability with and without sodium. The standard concentration 
was as follows: Mg and Ca at 5 pg ml'1; Br at 1 pg ml"1; Rb, Cu, Zn, Se and Fe at 
50 ng ml"1; and the remaining elements, Pb, I, Sn, Ba, Mo, Sb, Ge, As, Cd, Ni, Hg, 
B, Al, Cr, Co, Li, Cs, Sc, Sr and Mn, at a concentration on 20 ng ml'1. This standard 
was used only as a means of drift correcting the results.
3 .3 .4  Effects o f the Sodium M atrix on Signal Optimization at various Nebulizer 
Flow  Rates
The experimental procedure was outlined in section 3.2.3.1 above. The signal of the 
standard solution to which 1000 pg ml"1 of Na had been added will be compared to 
the standard solution with no Na added for increasing nebulizer flow rate (NFR). 
Figure 3.31 compares the signals produced for 202Hg+ and 208Pb+ with and without the 
addition of the Na to the matrix. With respect to the 208Pb+ it can be seen that at all 
NFR's the signal was reduced in the standard solution containing the sodium i.e. 
suppression had occurred. However, with the 202Hg+ at NFR's between 680 and 800 
ml min"1 the signal in the standard with sodium added is higher than that without the 
sodium and this represents an enhancement of the signal. After a NFR of 800 ml min"1 
the 202Hg+ signal is suppressed by the sodium addition. This can also be represented 
graphically as in Figure 3.32 as a suppression factor, where the suppression factor is 
the ratio of the elemental signal with no sodium in the standard to that with sodium 
added. Hence, a value for the suppression factor bigger than one represents 
suppression of the analyte signal and a smaller value shows signal enhancement. In 
the case of Hg and Pb at a NFR of 1020 ml min"1 the suppression factor is 
approximately 2 representing a suppression of the analyte signals of fifty percent. 
Figure 3.33 shows a graph of suppression factor versus NFR for some Group I 
elements i.e. Li, Rb and Cs their first ionization energies being 5.39, 4.18 and 3.89 
eV respectively. Even for these elements, with low first ionization energies it can be 
seen that as the NFR is increased the suppression factor is increased. Unfortunately, 
the suppression factor for 7Li+ is not as consistent as those of 85Rb+ and 133Cs+ across
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the NFR range making conclusions for this set of data difficult to ascertain. However, 
these elements would normally be expected to be 100 percent ionized in the plasma 
and yet there is continued suppression at the higher NFR's. The suppression factor 
appears to be independent of the mass of the analyte. Figures 3.34 and 3.35 show that 
the ionization energy does appear to exert an influence at the higher NFR's, the 
elements with higher first ionization energy being more suppressed than those with 
a lower first ionization energy. Figure 3.36 demonstrates that mass discrimination is 
still occurring with the sodium present as it did in the absence of sodium. However, 
the extent of mass dicrimination is not affected by the addition of sodium hence the 
suppression factor versus NFR graphs show no change with different mass. This work 
is supported by that of Tan and Horlick [1987] who found that with a light matrix 
element such as sodium there was little dependency of the matrix effect on the mass 
of the analyte. They also showed a similar increase in suppression factors as the NFR 
increased. Figure 3.36 also demonstrates that the secondary discharge is still present 
when the sodium is in the standard as there remains an increase in signal per mole at 
a flow rate of 1020 ml min'1.
Whilst it is not possible to account for every variation caused by the sodium matrix 
on the different analyte signals it may be possible to hypothesise as to the overall 
trend of increased analyte suppression as the NFR is increased with reference to the 
information from section 3.3.1. The Saha equation [Olivares, 1988] is shown below:
M l  =  C2xm m 3'2 a l
M° n,h3 Q°
where ne is the electron density, me is the mass of the electron, k is Boltzmann's 
constant, T is the effective temperature of the ion, h is Planck's constant, Q+ and Q° 
are the partition coefficients of the ion and neutral species respectively, and IE is the 
ionization energy of the element. The signal is proportional to the degree of ionisation 
of the analyte which, from the above equation, is shown to be proportional to the 
temperature of the plasma. Increasing the NFR has a cooling effect on the plasma, 
thus reducing the plasma temperature and consequently the analyte signal. A further 
factor may be that of the ionization equilibrium as described by Olivares and Houk
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-■ “ Hg —1—(Hg + Na)-**- Pb - a -  Pb + Na
Figure 3.31 The Effect of Sodium on the Signals of 202Hg and 208Pb with 
increasing NFR.
—  Hg Pb
Figure 3.32 The Relative Suppression Caused by Sodium on the Signals of 202Hg
and 208Pb with increasing NFR.
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1.5-
— Li —•— Rb — Cs
Figure 3.33 The Relative Suppression Caused by Sodium on the Signals of 7Li, 
8SRb and 133Cs (Group I Elements) with increasing NFR.
Li —i— Be — B
Figure 3.34 The Relative Suppression Caused by Sodium on the Signals of 7Li,
9Be and nB with increasing NFR.
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-m~ Cu — Zn
Figure 3.35 The Relative Suppression Caused by Sodium on the Signals of ^Cu 
and ^Zn with increasing NFR.
Li —i— Li + Na —><— Rb 
- a -  Rb + Na - x -  Cs -=*- Cs + Na
Figure 3.36 The Effect of Sodium on the Signal mol*1 of 7Li, 85Rb and 133Cs with
increasing NFR.
96
[1986]. As the NFR is increased the proportion of Na to Ar is increased. As Na has 
a significantly lower ionization energy than Ar that is 5.138 eV compared to 15.755 
eV, it could be expected that Na would provide significantly more electrons and hence 
effect the sodium to sodium ion equilibrium forcing the production of more neutral 
atoms and less positive ions. Olivares and Houk [1986] concluded that a shift in the 
ionization equilibrium alone could not account for the whole of the suppression effect. 
However, these two factors together may produce the desired effect.
The conclusions drawn from this series of experiments suggest that although it was 
demonstrated that, particularly for the light elements (usually important in biological 
analyses), increasing the NFR up to a value of 1020 ml min'1 increased the analyte 
signal; at these NFR levels the suppression effect caused by the sodium was also the 
most significant. Hence a compromised set of optimized conditions must be used.
3 .3 .5  Comparing three Nebulizer Flow  Rates with Different Synthetic M atrices
3 .3 .5 .1  In tro d u c tio n
This experiment was designed to examine the effect of different matrices on the 
analyte signal using three different nebulizer flow rates. These flow rates were chosen 
at 720, 820 and 920 ml min'1 which was regarded from the previous experiments to 
be the region where the signal was less susceptible to suppression, to spectral 
interferences and the most stable. Ten analytes were chosen across the mass range 
with varying ionization energy. These are shown in Table 3.8. Additionally, Be, In 
and Ho were added to all standards and blanks as internal standards. The matrix ions 
under consideration were Na, K, Ca, Mg, P and Br, which represent the major matrix 
elements in cerebrospinal fluid. Table 3.9 shows the mass and ionization energies of 
the internal standards and matrix ions. The effect on the analyte signal of Na or K 
alone and then all six of the above matrix ions was examined. The concentrations of 
the matrix ions used was similar to that found in cerebrospinal fluid when diluted 
three fold. An attempt to run matrix concentrations similar to that found in neat 
cerebrospinal fluid was tried, however, this caused very large analyte signal
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Table 3.8 Mass and Ionisation Energy of Analyte Elements Used in NFR Study
Analyte Element Mass (amu) First Ionisation Energy (eV)
Li 7 5.4
B 10 8.0
Co 59 7.9
Cu 65 7.7
Zn 68 9.4
Ge 74 7.9
Rb 85 4.2
Ba 138 5.2
Tl 204 6.1
Pb 208 7.4
Table 3.9 Mass and Ionisation Energy o f Matrix and Internal Standard Elements Used 
in NFR Study
Matrix/Internal 
Standard Elements
Mass (amu) First Ionisation Energy (eV)
Be 9 9.3
Na 23 5.1
Mg 24 7.6
P 31 10.5
K 39 4.3
Ca 40 6.1
Br 79, 81 11.8
In 115 5.8
Ho 165 6.0
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suppression (greater than fifty percent) and caused blocking of the cone. This solution 
was therefore abandoned as it required the instrument to be recleaned after running 
and therefore was very time consuming.
3.3.4.2 Experimental
The standard ran throughout this experiment contained the analytes in Table 3.8 at a 
concentration of 100 ng ml'1. The standard was made up by dilution of stock standards 
at a concentration of 1000 pg ml'1 (Spectrosol, BDH Chemicals Ltd., Poole, Dorset, 
UK) with doubly distilled water (18 MQ). Nitric acid (Aristar, BDH Chemicals Ltd., 
Poole, Dorset, UK) was also added to give a final concentration of 1 % v/v. A blank 
solution was similarly prepared without the analytes added. To all these standard and 
blank solutions the internal standards Be, In and Ho were added to give a final 
concentration of 100 ng ml'1. The above standard was prepared as a control without 
the addition of any matrix elements and will be referred to as standard A. The 
subsequent standards were prepared with analyte and matrix elements. The analyte 
concentration, internal standard concentration and nitric acid concentrations were 
maintained at the same levels as in Standard A however, set B standards contained 
300, 600, 1000 and 3000 pg ml'1 of Na. As discussed in section 3.3.4.1 the 3000 pg 
ml'1 standard was not run after it was discovered that it blocked the cone. Set C 
standards contained 30, 60, 100 and 300 pg ml'1 of K and set D standards were 
prepared to give the concentrations of matrix elements shown in Table 3.10. These 
standard solutions were ran at three flow rates 720, 820 and 920 ml min'1, with the 
exception of set D which were not ran at a flow rate of 920 ml min'1 because the 
signal was not as stable as at the lower flow rates. For each flow rate the signal was 
optimized using the ion optics for a solution containing Co, Be and In then the 
standards were ran in order set B, set C and set D. At the beginning of each set of 
standards a blank was run and standard A was run. Standard A was then run after 
every standard in the given set. Between standards the instrument was washed out 
with a 5% v/v nitric acid solution. Three readings were taken for each standard and 
blank analyzed.
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Table 3.10 Concentrations of Matrix Elements in Set D  Standards
Concentration (pg ml"1)
Element Standard 1 Standard 2 Standard 3
Na 300 600 1000
K 30 60 100
Ca 4 8 14
Mg 2.5 5 8.75
P 1.5 3 5.25
Br 0.5 1 1.75
3.3.5.3 Results and Discussion
The results are presented in two different formats. Firstly by obtaining the raw counts 
a normalized signal was plotted to represent the analyte signal suppression or 
enhancement as the concentration of the matrix element is increased:
Normalized signal = signal at a given matrix concentration x 100
signal with no matrix elements added
This allows comparison of the extent of suppression/enhancement for different 
analytes and different flow rates. Several of the graphs plotted showing normalized 
signal versus concentration of matrix element for the three NFR's are shown in 
Figures 3.37 to 3.52. Figures 3.37 to 3.39 show the effect of increasing the sodium 
concentration on the signals of the internal standards 9Be+, 115In+ and 165Ho+ 
respectively. The 9Be+ signal has been suppressed by an increasing concentration of 
sodium. At a concentration of 1000 pg ml'1 sodium the suppression is increased as the 
NFR decreases. However, this trend is variable at other sodium concentrations. In the 
case of 115In+ an enhancement of signal is apparent for the signal at a flow rate of 920 
ml min'1 and a similar enhancement is observed for 165Ho+. With respect to the analyte 
signal with increasing sodium concentration, 59Co+, 65Cu+, 72Ge+, 85Rb+,
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720 —•— 820 -*+- 920 (ml/min)
Figure 3.37 The Effect of Increasing Sodium Concentration on the 9Be Signal at 
Three Different Flow Rates.
720 — 820 -*«- 920 (ml/min)
Figure 3.38 The Effect of Increasing Sodium Concentration on the llsIn  Signal
at Three Different Flow Rates.
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720 —i— 820 -*«- 920 (ml/min)
Figure 3.39 The Effect of Increasing Sodium Concentrations on the 165Ho Signal 
at Three Different Flow Rates.
720 —<— 820 -+*- 920 (ml/min)
Figure 3.40 The Effect of Increasing Sodium Concentration on the 65Cu Signal
at Three Different Flow Rates.
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138Ba+, 205T1+ and 208Pb+ showed a similar enhancement for the highest NFR, Figure 
3.40 shows this for 65Cu+; 7Li+, nB+ and 68Zn+ however, showed suppression for all 
NFR’s, Figure 3.41 shows this for 68Zn+. The enhancement shown for several of 
these analyte elements was not seen in previous experiments in section 3 at the high 
NFR's. However, enhancement has been observed by other authors who believe that 
enhancement or suppression can be influenced by the operating parameters on a given 
day [Tan and Horlick, 1987]. As this and the other experiments in section 3 were not 
conducted on the same day there may have been a change in operating conditions 
which affected the higher flow rate.
In the case of the potassium matrix the internal standards 9Be+, 115In+ and 165Ho+ 
indicate the trends observed as shown in Figures 3.42 to 3.44. The 9Be+ signal is 
suppressed at all NFR's as is the 7Li+ and nB+; slight enhancement is seen for 115In+, 
165H o+, 59C o+, 65Cu+, 68Zn+, 72Ge+, 85Rb+, 138Ba+, 205T1+ and 208Pb+ at the NFR 920 
ml min'1 up to a potassium concentration of 100 pg ml'1, however at a potassium 
concentration of 300 pg ml'1 this changes to a suppression at all NFR's. Figures 3.45 
and 3.46 further demonstrate this for the analyte signals 7Li+ and 138Ba+ respectively. 
However, it must be noted that the signals at the higher flow rate were more unstable 
(relative standard deviation's (RSD's) greater than 5% for three readings of the same 
standard) than those at the two lower NFR's (RSD's less than 5%) and this may have 
affected the results. It was for this reason that the NFR of 920 ml min'1 was not run 
for set D. Hence, as can be seen for Figures 3.47 to 3.52 showing the internal 
standard normalized signals for 9Be+, 115In+ and 165Ho+, and three of the analyte 
normalized signals 7Li+, 59Co+ and 208Pb+, respectively as the concentration of the 
matrix elements is increased the normalized signal is suppressed. Both NFR's, 720 
and 820 ml min'1, show very similar amounts of suppression. As can be seen from 
comparing the figures showing the different matrices, the sodium and potassium 
matrix when together along with the calcium, magnesium, phosphorus and bromine 
did not give larger signal suppression than when present on their own. This is a very 
useful observation when considering biological matrices which contain more than one 
matrix element.
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720 —+— 820 -**— 920 (ml/min)
Figure 3.41 The Effect of Increasing Sodium Concentrations on the ^Zn Signal 
at Three Different Flow Rates.
720 —■*— 820 -#*- 920 (ml/min)
Figure 3.42 The Effect of Increasing Potassium Concentrations on the 9Be Signal
at Three Different Flow Rates.
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0 100 150 200
Potassium Concentration (mg/l)
250 300
720 820 -*«- 920 (ml/min)
Figure 3.43 The Effect of Increasing Potassium Concentrations on the usIn Signal 
at Three Different Flow Rates.
720 — 820 -**- 920 (ml/min)
Figure 3.44 The Effect of Increasing Potassium Concentrations on the 16SHo
Signal at Three Different Flow Rates.
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—  720 —< -  820 - * * -  9 2 0  (ml/min)
Figure 3.45 The Effect of Increasing Potassium Concentrations on the 7Li Signal 
a t Three Different Flow Rates.
720 820 - > * -  920 (ml/min)
Figure 3.46 The Effect of Increasing Potassium Concentrations on the 138Ba
Signal at Three Different Flow Rates.
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720 — 820 (ml/min)
Figure 3.47 The Effect of Increasing Matrix Concentrations on the 9Be Signal at 
Two Different Flow Rates.
— 720 —*—  820 (ml/min)
Figure 3.48 The Effect of Increasing Matrix Concentrations on 1I5In Signal at
Two Different Flow Rates.
1 0 7
720 820 (ml/min)
Figure 3.49 The Effect of Increasing Matrix Concentrations on the 165Ho Signal 
at Two Different Flow Rates.
Relative Matrix Concentration
-m - 7 2 0  — 820 (ml/min)
Figure 3.50 The Effect of Increasing Matrix Concentrations on 7Li Signal at Two
Different Flow Rates.
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720 820 (ml/min)
Figure 3.51 The Effect of Increasing Matrix Concentrations on the S9Co Signal 
at Two Different Flow Rates.
720 —+— 820 (ml/min)
Figure 3.52 The Effect of Increasing Matrix Concentrations on 208Pb Signal at
Two Different Flow Rates.
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Several authors [Beauchemin et al., 1987a; Crain et al., 1988; Olivares and Houk, 
1986] have looked at non-spectroscopic interferences with respect to changing the 
concomitant element, hence, Tables 3.11 and 3.12 show the normalized signal in 
terms of the milli molar concentration of concomitant element added, in this case Na 
and K respectively. As can be seen from these tables the suppression caused by 7.5 
mmoles of K is very similar to that caused by 43.5 mmoles of Na. This is in 
agreement with the literature where it has been found that the heavier a concomitant 
element the greater the amount of suppression it causes on the analyte signal.
Table 3.11 The Amount of Suppression Caused by Sodium
Normalized Signals
Sodium Concentration 
(mmol I-1)
7Li+ 65Cu+ 85Rb + 138Ba+ 208pb +
0 100 100 100 100 100
4.35 88 90 96 96 92
13.04 73 85 93 92 81
43.48 66 78 88 84 73
Table 3.12 The Amount of Suppression Caused by Potassium
Normalized Signals
Potassium Concentration 
(mmol I’1)
7Li+ 65Cu+ 85Rb+ 138Ba+ 208pb +
0 100 100 100 100 100
0.25 92 95 99 99 95
0.75 92 101 100 98 97
2.5 76 88 90 89 85
7.5 63 77 86 82 74
n o
The second calculation was carried out to evaluate the concentration of the analytes 
using correction by internal standards (IS) or by a drift calculation using the external 
standard (ESDC). The external standard (ES) is the standard that is run throughout 
the analysis in order to correct for any drift in the analyte signal. The necessary 
calculation is shown in Appendix II. Figures 3.53 to 3.59 show the data for the 
concentration of several elements plotted against increasing matrix concentrations of 
standard set D. Each graph shows the non-corrected concentrations and the corrected 
concentrations either by ES or by one of the internal standards, 9Be+, 115In+ or 
165Ho+. It must be noted that the corrected analyte concentration at all matrix 
concentrations should be 100 ng ml'1. Figure 3.53 shows the Li concentration as the 
concentration of matrix elements is increased. It can be seen that Be gives adequate 
correction of the concentration, whereas In correction still does not correct for all the 
suppression. This is similar for B in Figure 3.54 where Be gives a reasonable 
correction for the suppressed signal. Figure 3.55 shows the concentration for Rb, here 
Be does not give the best correction it actually over corrects the results. The best 
correction is given by the drift correction using the external standard. The Co 
concentration is corrected best by Ho internal standard as shown in Figure 3.56 as is 
Pb in Figure 5.57. However, at the highest concentration of matrix elements there still 
remains 10% uncorrected suppression, perhaps a more suitable internal standard could 
be found for dealing with this element. Figures 3.58 and 3.59 show that for some 
elements, in this case 65Cu+ and 138Ba+ respectively, either Ho or In internal standard 
would give suitable correction within the 95 % confidence limit, taking into account 
the error on the signals. Therefore, this experiment has shown that it is possible to 
correct for the suppression observed due to concomitant elements in the matrix using 
internal standards. In general, it appears that internal standards which are close in 
mass to those elements which they are correcting give the best results regardless of 
their respective ionization energies.
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no corr - s — Be corr -* * -  In corr
Figure 3.53 Graph Showing Corrected (corr) and Uncorrected (no corr) Results 
for 7Li in the M atrix Matched Standard at a NFR of 820 ml m in1
— ■—  no corr - e -  Be corr - x — ES corr
Figure 3.54 Graph Showing Corrected (corr) and Uncorrected (no corr) Results
for nB in the Matrix Matched Standard at a NFR of 820 ml min'1
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no corr ES corr Be corr
Figure 3.55 Graph Showing Corrected (corr) and Uncorrected (no corr) Results 
for 85Rb in the Matrix Matched Standard at a NFR of 720 ml min'1
- f t -  no corr - e -  Ho corr ES corr
Figure 3.56 Graph Showing Corrected (corr) and Uncorrected (no con*) Results
for 59Co in the Matrix Matched Standard at a NFR of 820 ml min'1
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—•—  no corr - b -  H o corr — ES corr
Figure 3.57 Graph Showing Corrected (corr) and Uncorrected (no corr) Results 
for 208Pb in the Matrix Matched Standard at a NFR of 820 ml min'1
—<—  no corr - e -  In corr —x — Ho corr
Figure 3.58 Graph Showing Corrected (corr) and Uncorrected (no corr) Results
for ^Cu in the Matrix Matched Standard at a NFR of 820 ml min'1
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Relative Matrix Concentration
—*—  no corr - s -  in corr -* * -  Ho corr
Figure 3.59 Graph Showing Corrected (corr) and Uncorrected (no corr) Results for 
138Ba in the Matrix Matched Standard at a NFR of 820 ml min"1
3.4 General Conclusions with Respect to Analytical Performance and 
Synthetic Biological Solutions
The analytical performance of ICP-MS is impaired by the introduction of matrix 
elements (Na, K, Mg, Ca, P and Br) similar to those found in biological matrices. 
Although there are some spectral interferences caused by the addition of these matrix 
elements, for example 40Ar23Na+ on 63Cu+ by far the major interferences are caused 
by non-spectroscopic interferences of the matrix elements. Optimization experiments 
showed that these matrix effects could be controlled to less than 10% suppression in 
the first experiment. However, subsequent experiments have shown that the optimized 
parameters for nebulizer flow rate vary from day to day. The second experiment 
showed suppression greater than 10%, in some cases as much as 60% and also 
showed some signal enhancements at the higher flow rate of 920 ml min'1. Clearly this
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shows that there is much work to be carried out in order for these matrix effects to 
be more carefully optimized. However, it has been shown that it should be possible 
to correct for these matrix effects by use of carefully selected internal standards. This 
and several other analytical tools for investigating matrix effects will be considered 
in the following chapter.
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C h a p t e r  I V .
E v a l u a t i o n  o f  t h e  C e r e b r o s p i n a l  F l u i d  M a t r i x  a n d  
M e t h o d s  o f  C o r r e c t i o n
4 . 1  R e v i e w  o f  t h e  M e t h o d s  A v a i l a b l e  f o r  S o l v i n g  M a t r i x  P r o b l e m s
The matrix effects involved in the analysis of biological materials are usually caused 
by high concentrations of sodium and potassium cations entering the ICP-MS. In the 
case of CSF the concentrations of sodium and potassium are approximately 3000 pg 
ml"1 and 150 pg ml’1 respectively, which after a three fold dilution of the CSF could 
lead to 1000 and 50 pg ml’1 sodium and potassium respectively entering the plasma. 
This can lead to several different problems:
(i) spectroscopic problems causing enhancement of the analyte signal for 
example 40Ar23Na+ on 63Cu+ and 40Ar39K16O+ on 95Mo+ [Vandecasteele et al., 
1993];
(ii) blockage of the nebulizer, for example undigested biological fluids may 
leave a residue of protein in the nebulizer resulting in inefficient sample 
uptake;
(iii) deposition at the entrance aperture of the sampling cone [Douglas and 
Kerr, 1988];
(iv) disturbances in the plasma conditions [Olivares and Houk, 1986];
(v) effecting the ion beam [Gregoire, 1987; Tan and Horlick, 1987; Gillson 
et al., 1988] .
Spectroscopic interferences can be corrected either by using another isotope, for 
example 65Cu+ and 98Mo+ could be used as alternatives for 63Cu+ and 95Mo+ 
respectively; or by subtracting the interferent [Evans and Giglio, 1993]. For example, 
the interference caused by 40Ar35Cl+ on 75As+ can be corrected for by measuring the 
40Ar37Cl+ signal at m/z 77, assuming the sample does not contain 77Se+. Blockage of 
the nebulizer can be prevented by digestion of the samples. Salt deposition leads to
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a decrease in diameter of the aperture resulting in attenuation of the ion signal, 
commonly referred to as drift in signal. This can be overcome by using a different 
injection technique such as flow injection [Wang et al., 1990], which reduces the 
sample loading, or by diluting the samples. A further method of allowing for this 
drift is by the addition of a standard spike which is not present in the sample 
[Thompson and Houk, 1987]. This is commonly called addition of an internal 
standard. The internal standard element with a given concentration is added to each 
solution (blank, sample and standard). In theory, as ICP-MS is a multi-element 
technique, any variation in the element of interest due to drift would also cause a 
variation in the internal standard, thus the analyte signal could be normalised to the 
signal of the internal standard. Several explanations related to the plasma, sampling 
interface and ion beam have been suggested to account for matrix effects or non- 
spectroscopic interferences, these were outlined in section 3.3.1.
High salt concentrations are known to cause matrix problems not only with ICP-MS 
but also with other techniques such as ICP-OES and NAA [Boumans and De Boer, 
1976; Prell et al., 1985; Selby at al., 1987; Ward and Ryan, 1979; Ward et al., 
1979]. There are several approaches to overcome these problems using pneumatic 
nebulizer ICP-MS:
(i) use of internal standards;
(ii) standard addition;
(iii) sample dilution;
(iv) removal of the matrix elements causing the problems;
(v) isotope dilution analysis;
(vi) the use of matrix matched standards.
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There are advantages and disadvantages to each of the these techniques which will be 
evaluated below.
4.1.1 Internal Standard Addition (ISA)
The addition of an internal standard is a predominant method of overcoming signal 
drift experienced when running ICP-MS (see section 4.1). ISA is complicated when 
used to correct suppression effects by the fact that it has been shown that analyte 
elements are affected differently by the matrix elements. Several studies have shown 
that the mass number of the internal standard has to be as close as possible to that of 
the analyte in order for a successful correction to be carried out [Thompson and 
Houk, 1987]. Therefore, when multi-element analysis is carried out several internal 
standards may need to be used. For example, for the determination of lower mass 
elements such as Li and B, Be is employed [Abou-Shakra et al, 1989], whereas for 
the determination of a heavier mass element such as Sr, In has been used successfully 
as the internal standard [Vandeeasteele et al., 1990a]. However, as was shown in 
section 3.2.3.2 the use of internal standards is further complicated by the first 
ionisation energy of the elements being studied. In selection of a suitable internal 
standard the isotope should be:
(i) of comparable mass to the analyte being examined;
(ii) of comparable ionisation energy to the analyte;
(iii) free from spectroscopic interferences.
For many analyte elements all of the above criteria cannot be satisfied so a 
compromise is found. ISA is usually the method of choice for analysts using ICP-MS 
as shown in Table 4.2, as it is convenient to carry out and also should correct for any 
errors due to signal drift and sample dilution. An internal standard is generally added 
following digestion and prior to sample dilution.
T h e  m a in  d is a d v a n t a g e s  o f  I S A  a r e :  in c r e a s e d  s a m p le  p r e p a r a t i o n  t i m e ;  c o n t a m in a t i o n
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of the samples by the internal standard; introducing a source of systematic error into 
the analysis procedure. By careful selection of internal standards and blank analysis 
the contamination problem can be kept to a minimum and the increase in sample 
preparation time is not significant in contrast to sample digestion.
4.1 .2  Standard Addition
Standard addition (SA) is a well known analytical technique for dealing with a test 
solution which is complex in nature and for which it may be very difficult to prepare 
matrix matched standards. SA involves the addition of known amounts of the element 
to be determined to a number of aliquots of the sample solution; the solutions thus 
obtained should all be diluted to the same final volume. Should sample digestion be 
required the element is added after the digestion procedure. The test solution is first 
measured, and then each of the prepared solutions is examined in turn, leading up to 
the solution of highest concentration. The signal values are then plotted against the 
added concentration values. A straight line plot should result and the straight line can 
be extrapolated to the concentration axis - the point where the axis is intercepted 
giving the concentration of the test solution as shown in Figure 4.4 [Vogel, 1981], 
This method depends on the added element behaving in a similar manner during 
analysis as the 'real' element in the test solution.
SA is a good method for evaluating the existence of matrix effects but it has several 
disadvantages. Firstly, an extrapolation method is never as reliable as interpolation 
so an external standard method would be the method of choice if available [Miller, 
1991]. Additionally, the method of SA requires a larger sample to be available for 
the preparation of standards and sample preparation time is increased. Analysis time 
is also increased as each test solution is accompanied by several standards. Hence SA 
would not be the choice for routine analysis.
4.1.3 Sample Dilution
Sample dilution is carried out by most of the authors in the references given in Table
4.1 and 4.2. It is required, not only to reduce matrix effects but also, in the majority 
of cases, to provide sufficient volume of sample for analysis.
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A further method based on a series of sequential dilutions of the sample is called 
extrapolation to infinite dilution. The test solution is successfully diluted with 
measurement of the analyte at each stage. The raw results are extrapolated to zero 
concentration (or infinite dilution), at which point the hypothetical matrix is pure 
solvent and hence matrix effects have been eliminated. This technique has been 
investigated for a series of synthetic solutions using ICP-MS with good results 
[Thompson and Ramsey, 1990].
One major disadvantage of sample dilution is that as the concentration of analyte is 
decreased the levels approach those of the detection limit and this decreases the 
reproducibility of analysis [Valcarael and Rios, 1993]. As with SA analysis the 
method of extrapolation to infinite dilution is based on extrapolation which is less 
accurate than interpolation. The reduced precision at lower analyte concentrations has 
led to weighted regression analysis. Clearly a technique involving this would require 
some setting up. Additionally sample preparation time would be increased by 
sequential dilutions as would the likleyhood of systematic errors. Analysis time would 
also be increased, several dilutions being required per test sample.
4 .1 .4  Removal of Sample Matrix
The matrix interference problem can be dealt with by separating the analytes from the 
matrix. This has been done instrumentally by graphite furnace vaporisation [Halls and 
Fell, 1988] and by several separation techniques. McLaren and co-workers [1985] 
have successfully used 8-hydroxyquinoline immobilised on silica to preconcentrate 
several transition elements from river water and seawater matrices. The pre­
concentration step can be performed either off-line or on-line, with isotope dilution 
and standard addition used for quantification [McLaren et al., 1985; Beauchemin et 
al., 1987b]. Gel filtration has also been used to prevent some of these interferences 
[Lyon et al., 1988b]. An on-line sample treatment method has been developed by 
Plantz et al. [1989] which separates analyte metals from alkali, alkali-earth elements 
and anions for ICP-MS. The reagent bis(carboxymethyl)dithiocarbamate is used to 
complex V, Cr, Ni, Co, Cu, Mo, Pt, Hg and Bi. These complexes are absorbed onto 
a polystyrene-divinylbenzene resin column under acidic conditions. The interfering
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matrix ions are not complexed and pass through the column unretained. The metal 
complexes are then removed from the column with a basic eluent.
It is also possible to apply complexation to retain the matrix components. Palmieri 
and co-workers [1986] have extracted uranium with N,N-dihexylacetamide to 
determine trace metals and rare earth elements. Chromatographic retention has also 
been applied using N-methylfluorohydroxamic acid complexes of Mo, Ti and U to 
prevent metal oxide interferences and facilitate determination of Cu, Zn and Cd [Jiang 
et al., 1987]. In the determination of biological samples by neutron activation analysis 
the removal of sodium from the samples is achieved either pre- or post-irradiation by 
using a column of hydrated antimony pentoxide [Ward and Ryan, 1979; Ward et al., 
1979]. Sodium is retained on the column whilst the other elements of interest pass 
through.
The major disadvantages of these separation techniques is that larger sample volumes 
are usually required. Additionally the extra sample pre-treatment may increase the 
chance of contamination of the sample and in some cases the organic solvents used 
may add to suppression of the analyte signal using ICP-MS [Houk and Jiang, 1991]. 
On-line techniques reduce the chance of contamination but they require specially 
designed sample introduction systems [Porta et al., 1989].
4 .1 .5  Isotope Dilution Mass Spectrometry
Isotope dilution mass spectrometry (IDMS) is based on the addition of a known 
amount of enriched isotope (called the spike) to a sample. After equilibration of the 
spike isotope with the natural element in the sample, MS is used to measure the 
altered isotopic ratios. From this determination it is possible to measure elemental 
levels with a high degree of accuracy and precision. When validation measurements 
of certified chemical standards are not available then IDMS would be a method choice 
because of its good accuracy and precision.
One of the drawbacks of the method is that it can not be applied to all elements 
because two stable isotopes have to be available (e.g .27Al, 59Co, 127I and 133Cs for the
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purposes of this technique are mono-isotopic). Using ICP-MS the isotopes chosen 
should be free from isobaric and polyatomic interferences unless suitable corrections 
are going to be taken into account. For example, 64Zn+ needs the 32SI60 160 + 
interference removed before this isotope can be used.
4.1 .6  M atrix Matched Standards
Matrix matched standards are used for test solutions where there are substances 
present other than the analyte of interest. These substances should be incorporated into 
the standard solutions at a similar concentration to that existing in the test solution. 
A blank solution is also prepared which is of a similar composition to the test solution 
but minus the component to be determined. The disadvantage of matrix matched 
standards is when dealing with a test solution which is complex in character or whose 
exact composition is unknown. In this case it may be very difficult to prepare standard 
solutions having a similar composition to the sample [Vogel, 1981].
4.2 Solutions to Removing M atrix Effects in the Analysis of 
Cerebrospinal Fluid
During the analysis of cerebrospinal fluid several authors have reported matrix 
interference problems with different techniques and these are summarised in Table
4.1. Many authors have noted the necessity of diluting samples [Agarwal and 
Henkin, 1982; Bourier-Guerin et al., 1985; Bogden et al., 1977; Decker et al., 1964; 
El-Yazigi et al., 1992; Kapaki et al., 1989a] either with water, a solution of dilute 
acid, or in one case with a w-butanol/water mixture in the ratio 6:94 by volume 
[Meret and Henkin, 1971]. Dilution appears to be most essential when using 
nebulisation techniques such as atomic absorption spectrometry where the viscosity 
of the samples relative to the blank and standard solutions is important. To overcome 
additional matrix related problems which still exist after sample dilution the most 
commonly used techniques are: preparing matrix matched standards containing a high 
concentration of sodium chloride [Burguera et al., 1986], similar to those levels found
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in cerebrospinal fluid; or producing a calibration curve by adding known amounts of 
standard onto a bulk CSF sample [Lapatto et al., 1988].
To check the existence or not of matrix effects several authors have reported 
percentage recoveries by spiking a known amount of analyte onto a sample of CSF 
[Decker et al., 1964; Hunter, 1959; Kapaki et al., 1989a; Kjellin, 1966b; M°Gahan 
and Bito, 1983]. The majority of the aforementioned authors obtained satisfactory 
recoveries and hence did not need to evaluate further the matrix effects in CSF.
Table 4.1 Evaluation Of Matrix Related Problems In Analysis Of CSF and Method 
Used To Overcome These Problems
TECHNIQUE METHOD REFERENCE
GFAAS background correction & 
sample dilution
Agarwal 1982
GFAAS separation of analyte ions 
from sample matrix by ion 
exchange chromatography
Mazzucotelli 1978
PIXE standard addition calibration 
curve
Lapatto 1988
FI-AAS matrix matched standards Burguera 1986
FAAS matrix matched standards & 
sample dilution using n- 
butanol
Meret 1971
FAAS matrix matched standards & 
sample dilution; standard 
addition
Palm 1983
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Agarwal and Henkin [1982] evaluated the existence of matrix effects for the analysis 
of Cu by analyzing the neat sample then continually diluting and re-analyzing the 
sample. This showed that they had a matrix related problem when analyzing the neat 
sample which was alleviated on dilution of the sample.
Palm et al. [1983] used standard addition to determine the concentration of Zn in 
CSF. Mazzucotelli et al. [1978] used ion exchange chromatography to remove the 
elements to be analyzed from the sample matrix prior to analysis.
4.3 Methods of Analysis of Sample Matrices Using Inductively Coupled 
Plasma-Mass Spectrometry
Only one study has been published relating to the analysis of CSF by ICP-MS [Ward 
et al., 1988]. In contrast ICP-MS studies of other biological matrices have involved 
corrections for matrix effects. Several of these studies are presented in Table 4.2. It 
must be noted that in addition to methods which have been discussed in section 4.2 
for correcting matrix related problems in CSF, using ICP-MS two further methods are 
popular, namely that of addition of internal standards (ISA) and isotope dilution mass 
spectrometry (IDMS). The former method is possible because of the capabilities of 
ICP-MS for multi-element determinations and the latter as isotopic data is readily 
available using ICP-MS. Table 4.2 relates mostly to biological and environmental 
samples which have been analyzed by ICP-MS where the predominant matrix 
compound is sodium chloride. There are several papers which consider matrix effects 
in geological material [Lichte et al., 1987; Williams and Gray, 1988] but as these 
matrices differ from biological material they have not been included.
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Table 4.2 Methods Used to Overcome Matrix Effects When Using ICP-MS
Method Sample Matrix Elements Determined Reference
SA Sea Water Mn,Co,Ni,Cu,Zn,Cd,
Pb
M°Laren 1985
SA Marine Sediment V,Mn,Co,Ni,Zn,As,
Mo,Cd,Pb
M°Laren 1987b
SA Riverine Water V,Cr,Mn,Co,Zn,As,
Pb
Beauchemin 1987
SA Serum Cr,Cu,Pb Park 1990
SEP Urine, Sea Water V,Cr,Ni,Co,Cu,Mo,
Pt,Hg,Bi
Plantz 1989
SEP Urine As Sheppard 1990
IS (Bi,Y) Biological
Material
Cd,Mo,Pb,V Munro 1986
IS
(several)
Animal Muscle & 
Liver
Multi-element Friel 1990
IS (In) Serum Br Vandercasteele
1990b
IS (In) Serum Sr Vandercasteele
1990a
IS (In) Serum Multi-element Vanhoe 1989
IDMS Marine Sediments Cr,Ni,Zn,Sr,Mo,Cd,
Sn,Sb,Tl,Pb,U
McLaren 1987a
IDMS Sea Water Cr,Ni,Cu,Zn,Cd,Pb McLaren 1985
IDMS Riverine Ni,Cu,Cd,Pb,U Beauchemin
1987b
IDMS Serum Cu,Pb Park 1990
Key To Table: SA = standard addition; IS = internal standard (standard used in 
parentheses); IDMS = isotope dilution mass spectrometry; SEP = separation.
127
4 .4  Experiments To Evaluate Correction For Non-Spectroscopic 
Interferences in Inductively Coupled Plasma-Mass Spectrometry
4.4.1 Introduction
Several experiments have been carried out to look at the methods discussed in sections
4.1 to 4.3 above. The techniques of internal standard addition or drift correction have 
not been looked at in isolation but their usefulness is discussed in conjunction with 
the experiments outlined below which examines the techniques of: standard addition; 
sample dilution; isotope dilution mass spectrometry and matrix matched standards.
4.4.2 Standard Addition
4.4.2.1 Experimental Design
The technique of standard addition was tried on three separate occasions, the 
conditions being modified each time. In the first experiment insufficient spike was 
added in view of the large RSD's experienced when analyzing the CSF samples. 
Thus in the second experiment (SA2) larger spike concentrations were added. The 
final concentrations are shown in Table 4.3. The spike was prepared by making up 
a multi-element standard containing different concentrations of each element then 
pipetting 0, 0.1, 0.2 and 0.3 ml of each element onto 1.0 ml CSF samples in a 
polypropylene graduated tube (Elkay Laboratory Products, Hampshire, UK). Nitric 
acid (0.2 pi, Aristar grade, BDH Chemicals Ltd., Essex, UK) was added to each 
sample and they were digested in a water bath (80 - 100 °C). Each sample was then 
diluted to 3.0 ml with doubly deionised distilled water (18 MQ) (DDW). As part of 
this dilution step internal standards were added to give a final concentration of 50 pg 
ml’1 of Ho, In and Be. Three samples were prepared at each spike concentration. 
Each sample was analyzed in duplicate using ICP-MS with the conditions shown in 
Table 3.1, with a nebulizer flow rate of 880 ml min'1. The results were calculated as 
shown in Appendix II.
After this preliminary investigation a more detailed third experiment (SA3) was 
performed. The following volumes namely, 0, 0.25, 0.4, 0.5, 0.75 and 1.0 ml of a
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multi-element standard were added to 1.0 ml of CSF to give the final concentrations 
shown in Table 4.4. Each sample was prepared in triplicate, digested and diluted as 
in experiment 2. In order to check instrument accuracy, three further samples were 
prepared in triplicate; 1.0 ml of CSF was digested prior to the addition of 0.25, 0.5 
and 1.0 ml of the multi-element standard. In each set of samples Be, In and Ga 
internal standards were added to give a final concentration of 50 ng ml'1 after dilution 
to 3.0 ml with DDW.
Table 4.3 Concentrations of Standard Added to CSF in Standard Addition 
Experiment 2 (SA2)
Concentration (ng ml"1, *^g ml"1)
Standard 
Added (ml)
Ca* Mg* Rb Sr Cu Zn Cs Sc Li
0.0 0 0 0 0 0 0 0 0 0
0.1 3 5 20 2 4 4 0.2 1.5 0.4
0.2 6 10 40 4 8 8 0.4 3 0.8
• 0.3 9 15 60 6 12 12 0.6 4.5 1.2
Table 4.4 Concentrations of Standard Added to CSF in Standard Addition 
Experiment 3 (SA3)
Concentration (ng ml'1 * Atg ml'1)
Standard 
Added (ml)
Mg*/Ca* Br* Rb Cu/Zn Sc/Se Elements A
0 0 0 0 0 0 0
0.25 12.5 2.5 30 12.5 5 2.5
0.4 20 4 48 20 8 4
0.5 25 5 60 25 10 5
0.75 37.5 7.5 90 37.5 15 7.5
1.0 50 10 120 50 20 10
Elements A = Sr, B, Cd, Al, Mn, Mo, Li.
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The samples were then analyzed using ICP-MS with the same run conditions as shown 
in Table 3.1, with a nebulizer flow rate of 750 ml min'1 and a smaller mass range of 
6-140 m/z, hence the addition of Ga as an internal standard (mass-to-charge ratio 69 
and 71), rather than Ho (mass-to-charge ratio 165). Each sample was analyzed by 
ICP-MS and the results were calculated as shown in Appendix II.
4.4.2.2 Results fo r Standard Addition Experiments
The intra-sample precision in experiment 2 was between 0.2 and 19% using external 
standard drift correction calculations (ESDC). This was dependant on the element 
considered and the concentration in the sample. For example, 26Mg with no spike 
added to the CSF gave an RSD of 15.3 %, with 0.3 ml of spike added this was 
improved to 6.0 %. In general, using internal standards improved the precision 
slightly. This is shown in Table 4.5 where the RSD's are presented for the samples 
where 0.3 ml of standard had been added to the CSF, hence these values represent the 
best precisions obtained. Inter-sample RSDs range from 1.2 to 20% for ESDC, with 
the internal standards again improving the RSD's slightly. These values are also 
presented in Table 4.5 for the CSF with 0.3 ml of spike added. Much of the lack of 
precision must be attributed to instrument instability at these low concentrations 
levels, the errors due to pipetting and dilution having been calculated to give RSD's 
of 1.32% and 1.37% respectively.
For each element considered a graph of the calculated analyte concentration, calculated 
using the methods of correction shown in Appendix II, was plotted against added 
analyte concentration. The resultant graph should give a straight line which on 
extrapolation gives the x-intercept. This corresponds to the actual analyte 
concentration in the sample; corrected, in principle, for any matrix effects. The 
graphs were plotted using the spreadsheet package Quattro ProR (Borland International 
Ltd, Berkshire, UK). Linear regression was performed on the results and the 
correlation coefficient for each standard addition plot, where the element is present 
above the detection limit, is shown in Table 4.6. The 7Li, 45Sc, 68Zn and 133Cs results 
have been omitted as they were too close to the instrument detection limit to be 
reliable in the unspiked CSF sample.
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Table 4.5 Intra and Inter Sample Precision Shown for CSF spiked with 0.3 ml of 
Internal Standard, Calculated by ESDC and Internal Standards
Intra sample RSD (%) Inter sample RSD (%)
Isotope ESDC Be In Ho ESDC Be In Ho
7Li 4.7 5.0 5.0 4.9 8.2 7.1 6.6 5.9
25Mg 3.6 3.7 1.3 2.7 6.0 5.6 3.4 4.4
43Ca 2.3 3.1 0.4 1.8 3.2 3.8 0.4 1.7
45Sc 5.2 3.8 3.8 5.0 10.0 7.7 4.0 5.5
“ Cu 4.1 3.3 2.1 2.1 5.5 5.3 3.0 3.9
“ Zn 5.0 7.0 7.4 5.8 17.2 15.2 12.5 13.0
“ Rb 0.9 1.6 0.5 1.7 2.9 2.6 1.9 1.8
88Sr 1.2 0.7 3.5 4.0 1.3 0.6 4.3 2.9
133Cs 5.8 4.8 3.9 4.1 9.0 7.9 11.7 10.3
Table 4.6 shows that the correlation coefficients given for the external standard drift 
correction (ESDC) calculations were poor. Those for the internal standard 
calculations were much improved. An example of the poor correlation given for 25Mg 
is shown in Figure 4.1, as opposed to the internal standard corrected results shown 
in Figure 4.2. Closer inspection of the raw data showed that the external standard 
signal was erratic for several of the elements examined.
An example of this is shown for 25Mg in Figure 4.3. The graph is a plot of the 
normalised 25Mg+ signal for the external standard which was run in duplicate between 
every three samples. Clearly the three internal standards also shown in Figure 4.3 
do not vary as much as the 25Mg+ signal and this may explain the better correlation 
coefficients obtained. However, it must also be noted that the internal standards
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Table 4.6 Correlation Coefficients for Each Standard Addition Graph Plotted for
Experiment 2 Depending on the Correction Procedure Employed
Isotope/
C alculation
“ M g 43Ca 88Sr “ Cu 00 g
E S D C 0 .2 9 4 0 .0 4 2 0 .9 15 0 .7 18 0 .8 77
In 0 .9 9 9 1 .000 0 .9 97 0 .9 9 5 0 .9 98
Be 0 .9 9 0 0 .9 8 5 0 .9 99 0 .9 9 9 0 .9 99
H o 0 .9 9 2 0 .9 8 8 0 .9 99 0 .9 99 0 .9 99
appear to be overcorrecting the results. For example, if we consider 25Mg using In 
as the internal standard, with no addition a concentration of 36 ±  4 pg ml"1 is found 
in the sample, however, addition of a further 15 pg ml"1 of Mg gives a concentration 
of 79 ±  3 pg ml'1 rather than 51 pg ml'1 as would have been predicted. This is 
greater than a two fold increase in added concentration and is a significantly different 
result at the 95 % confidence level using the Student t-test. Similar results are found 
for several other elements and using different internal standards for correction. The 
results from the linear regression analysis of the standard addition plots allow a 
simplw comparison of these internal standard corrections. The graphs plotted are 
calculated concentrations using various methods of correction versus added 
concentration. Thus for a perfect correction showing no matrix effect a straight line 
should be produced with gradient equal to 1.0, as shown in Figure 4.4. If this occurs 
then the y-intercept value is equal to the x-intercept value and there is no matrix 
suppression or enhancement. Matrix suppression would give a gradient less than 1.0, 
whereas signal enhancement or over correction of the results would give a gradient 
greater then 1.0.
Table 4.7 shows the gradients for the standard addition plots for the elements 
analyzed in the CSF, using the different internal standards for correction of the data. 
The ESDC data has not been included as this gave erratic results as shown previously. 
As can be seen from this table, with the exception of 88Sr results calculated using In 
internal standard, all the internal standards have overcorrected the results or there has 
been enhancement of the signal. Unfortunately, because of the erratic analyte signals
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Figure 4.1 Measurement of Mg in CSF by Standard Addition and External 
Standard Drift Correction (ESDC)
Be corr ** In corr x  Ho corr
Figure 4.2 Measurement of Mg in CSF by Standard Addition and Internal
Standard Correction (Be, In or Ho)
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Figure 4.3 A Plot of Normalized 2SMg, 9Be, 115In and 16SHo Signals for the 
Standard Ran throughout Experiment 2
Figure 4.4 An Example of a Graph of Calculated Concentration Against Added 
Concentration
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in the external standard there is no suitable comparison of ESDC results with internal 
standard corrected results. Hence experiment 3 was carried out in which more aliquots 
of standard were added to the sample such that the results would be less affected by 
one bad result.
The inter-sample precision in experiment 3 was between 0.2 and 20%, again element, 
concentration and correction procedure dependent, as in experiment 2. Several 
calculation methods were used; firstly the data was calculated using an external 
standard without drift correction (ES); secondly external standard drift correction 
(ESDC) was used by running the external standard throughout the run between every 
six samples; thirdly internal standard correction was used - the internal standards 
being Be, Ga and In in this experiment (Ho was omitted as it was outside of the scan 
range parameters).
Table 4.7 Value For The Gradients Given by Linear Regression of the Standard 
Addition Graphs When Corrected by the Different Internal Standards (Experiment 2)
Internal
Standard
“ Mg 43Ca 88Sr “ Cu 45Sc 7Li 85Rb
In 2.05 2.45 1.08 1.63 1.84 2.72 1.25
Be 2.42 2.80 1.28 1.94 2.21 3.25 1.48
Ho 2.38 2.97 1.26 1.88 2.07 3.03 1.45
As in the previous experiment a graph of calculated analyte concentration versus 
added analyte concentration was plotted. Linear regression was performed using 
Quattro ProR and the correlation coefficients obtained are shown in Table 4.8 for the 
various correction procedures. No data has been presented for the following elements 
as they were present in concentrations too close to or below the detection limits for 
the instrument thus giving erratic results: Zn, Se, B, Cd, Al, Mn, Mo and Li. 133Cs 
has been included in Table 4.8 as an example of the poor results which have been 
obtained for some of these elements. 63Cu has been included to show the effect of the 
isobaric interference 40Ar23Na+ on the standard addition results. Standard addition is
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thus not a suitable method for correcting isobaric effects. The results in Table 4.8 
show that good correlation coefficients were obtained using each method of correction 
in the standard addition technique, with the exception of the 133Cs and 63Cu already 
discussed. However, as with the previous experiment it is necessary to check the 
gradients obtained from the standard addition plots; these are shown in Table 4.9 for 
those elements which gave good correlations in Table 4.8.
In Table 4.9 it can be seen that correction by external standard and In internal 
standard has overcorrected the results, the gradients being larger than 1.0. The ESDC 
results show gradients close to 1.0 which suggests no matrix effects being present 
only factors causing signal drift. Additionally the Be internal standard corrected 
results are mostly close to unity and the Ga corrected results give gradients 
intermediate to those of Be and In.
Table 4.8 The Correlation Coefficients from the Graphs of Calculated Concentration 
(by various Correction Procedures) Against Added Concentration of Analyte. Results 
shown for Experiment 2 (SA2).
Correction 25Mg 43Ca 81Br 85Rb 63Cu
ES 0.999 0.996 0.973 0.998 0.408
ESDC 0.999 0.997 0.931 0.995 0.243
115In 0.998 0.998 0.962 0.998 0.282
9Be 0.999 0.996 0.965 0.999 0.367
69Ga 0.998 0.996 0.954 0.999 0.410
Correction 65Cu 45Sc 88Sr 133Cs
ES 0.987 0.999 0.993 0.783
ESDC 0.953 0.989 0.989 0.672
115In 0.980 0.998 0.998 0.859
9Be 0.985 0.998 0.995 0.814
69Ga 0.982 0.998 0.996 0.844
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Table 4.9 The Gradients from the Graphs of Calculated Concentration (by various 
correction procedures) Against Added Concentration of Analyte. Results shown for 
Experiment 2 (SA2).
Correction 25Mg 43Ca 8IBr 85Rb 65Cu 45Sc 88Sr
ES 1.37 1.46 2.82 1.27 1.14 1.30 1.31
ESDC 1.02 1.07 2.98 0.99 0.85 1.10 1.03
115In 1.40 1.53 2.92 1.31 1.19 1.34 1.33
9Be 1.14 1.23 2.36 1.06 0.96 1.09 1.09
69Ga 1.23 1.32 2.53 1.15 1.03 1.18 1.18
ES = External standard; ESDC = External standard drift corrected.
The overcorrected data using internal standards is not as pronounced as that found in 
experiment 2. This overcorrection can be partially explained by considering the 
external standards which were run in between samples in order to carry out the drift 
correction calculation. Figures 4.5 to 4.10 show the normalised response for 25Mg+, 
85Rb+, 65Cu+, 43Ca+, 88Sr+ and 45Sc+ respectively compared with the internal standard 
signals measured in these external standards: 's' being the initial standard input prior 
to sample introduction and si to s5 being run between every sixth sample. From these 
graphs it can be seen that the general trend is for the signal of each analyte to increase 
throughout the run. This suggests that the analyte signals for the samples could also 
be increasing during the run, hence a sample ran towards the end of the run would 
give a larger count rate than the same one at the start of the run. If no correction were 
carried out for the drift then a sample would appear to contain a higher analyte 
concentration i.e. an enhancement would be observed. However, it must be noted that 
standard addition using only the initial external standard cannot be used to correct for 
this enhancement as it is not an effect due to the matrix of the sample but due to the 
enhancement of the signal throughout the run.
It is generally thought [Vanhoe et al., 1989a; Vandecasteele et al., 1990a and 1990b] 
that the addition of an internal standard is a suitable method to correct for signal drift;
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indium generally being the element of choice. However, as can be seen from Figures
4.5 to 4.10 although there is a gradual increase in the In signal it is not sufficient to 
correct for the drift observed in the analyte signals. However, the use of Be and Ga 
give a better correction as their signals increase more in line with that of the analyte 
signals. It is the external standard drift corrected results which appear to have given 
the best results and Figures 4.11 to 4.21 show plots of this data for the isotopes 25Mg, 
“ Mg, 85Rb, 87Rb, “ Cu, 42Ca, 43Ca, MSr, 88Sr, 45Sc and 81Br respectively. As can be 
seen from these standard addition graphs corrected by ESDC there is good agreement 
between the value of the y-intercept and the x-intercept showing no matrix suppression 
or enhancement. The exception being the 81Br results. These results show an 
enhancement. However, if the addition of 10 pg ml'1 is taken as an erroneous result 
the graph can be replotted giving improved results as shown in Figure 4.22. This 
serves to highlight a problem with standard addition showing how one erroneous 
result could give misleading results.
In general there is good agreement in the results given by the different isotopes of 
Mg, Rb and Sr. Better standard deviations and correlation coefficients being given, 
in general, by the isotope present in highest abundance. The exception to this being 
42Ca and 43Ca. As can be seen from Figures 4.16 and 4.17 respectively good 
correlation coefficients and gradients approaching one are obtained. However, there 
is a significant difference between the values calculated for the calcium concentration. 
Using 42Ca the value is 62 ±  3 pg ml’1 and using 43Ca, 43 ±  4 pg ml'1. The higher 
42Ca result is possibly attributed to a spectroscopic interference from the polyatomic 
species 40Ar1HiH+.
In addition to the above results it must be noted that all isotopes for which reasonable 
results were obtained also showed no loss of analyte during the digestion procedure 
for the CSF. Table 4.10 shows the results obtained on the addition of the standard 
before digestion and those obtained after digestion using ESDC as the calculation 
procedure. There is good agreement between these results.
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Figure 4.6 Normalized Response for 85Rb, toe, 69Ga and llsIn Measured in the 
External Standards Ran Throughout Experiment 3
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Figure 4.11 Standard Addition Graph for 25Mg Using ESDC
Figure 4.12 Standard Addition Graph for 26Mg Using ESDC
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Figure 4.13 Standard Addition Graph for 85Rb Using ESDC
Figure 4.14 Standard Addition Graph for 87Rb Using ESDC
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Figure 4.15 Standard Addition Graph for ^Cu Using ESDC
Figure 4.16 Standard Addition Graph for 42Ca Using ESDC
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Figure 4.17 Standard Addition Graph for ^Ca Using ESDC
Figure 4.18 Standard Addition Graph for 86Sr Using ESDC
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Figure 4.19 Standard Addition Graph for ^Sr Using ESDC
Figure 4.20 Standard Addition Graph for ^Sc Using ESDC
1 4 6
Figure 4.21 Standard Addition Graph for 81Br Using ESDC
Figure 4.22 A Replot of the Standard Addition Graph for 81Br Using ESDC
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Table 4.10 Results for Several Isotopes Showing the Recovery of the Spike Standard 
Added Pre and Post Sample Digestion
Added Concentration* (mean + sd)
0 12.5 25 50
Isotope pre pre post pre post pre post
26Mg (jug ml'1) 27 ± 1 42 ± 1 39 ± 1 54 ± 3 52 + 3 79 + 1 76 + 3
43Ca (jug ml*1) 43 ± 4 57 ± 2 50 ± 4 67 ± 7 63 ± 4 96 ± 1 90 ± 10
45Sc (ng ml*1)1 3.0 ± 0.2 8.4 ± 0.3 6.9 ± 0.3 13 ± 1 13 ± 1 24 + 1 24 ± I
65Cu (ng ml*1) 26 ± 4 42 ± 6 36 ± 2 48 + 6 45 + 1 73 ± 5 80 ± 4
85Rb (ng ml'1)2 64 ± 5 104 + 1 98 ± 5 134 ± 7 122 ± 9 186 ± 3 185 ± 
10
88Sr (ng ml*1)3 3.5 ± 0.5 6.2 ± 0.6 5.7 ± 0.5 9.5 + 0.8 8.2 ± 0.5 13 ± 1 13 ± 1
* units differ for isotopes
1 Added concentrations - divide by 2.5
2 Added concentrations - multiply by 2.4
3 Added concentrations - divide by 5.
4.4.2.3. Conclusions fo r Standard Addition Experiments
The standard addition experiments have highlighted three main points in the analysis 
of CSF:
(i) it is not possible to use the technique of standard addition to correct for 
signal drift;
(ii) internal standards do not necessarily correct for drift in the analyte signal, 
although in experiment 2 they compensated for poor results which were 
obtained using external standards;
(iii) standard addition cannot correct for isobaric interferences.
1 4 8
In experiment 3 it appears that no matrix suppression or enhancement occurs in the 
CSF analysis. Unfortunately, it was not possible to verify this conclusion with the 
results from experiment 2 because of the erratic results obtained from the ESDC 
calculations.
The main change in the instrument conditions which may have affected this variation 
in external standards between experiments 2 and 3 is the introduction of a new cone 
and skimmer for experiment 3 which appears to have improved the results perhaps by 
increasing the sampling size or improving the ion beam characteristics.
The upward drift in the analyte signal may be due to deposition and build up of 
certain analyte ions within the ICP-MS system. These are not totally removed during 
the washing out procedure, perhaps as the nitric acid concentration of the wash out 
solution was not as high as that of the samples.
Standard addition is not a practical solution to routine analysis of CSF as it requires 
too much sample. For example, in experiment 3 approximately 20 ml of CSF was 
required for the addition stage. Additionally the preparation of three samples per 
addition and the increased time to run the samples make it impractical on a routine 
basis. However, the use of standard addition can allow the analyst to assess the 
instrument's running characteristics for a particular session.
4.4.3. Sample Dilution
Two different dilution experiments were carried out. In the first, different sample 
volumes of a bulk CSF sample were removed, digested and analyzed separately. In 
the second experiment, a bulk CSF sample was digested then aliquots were removed 
and diluted by different dilution factors. The aim of these experiments was to examine 
the effect of dilution and sample size for CSF analysis.
4.4.3.1. Experimental Design
In the first experiment four different sample volumes were examined 0.2, 0.6, 1.0 and
1.2 ml. A bulk CSF sample was collected from which samples were prepared in
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duplicate using each of the sample volumes above. The CSF was pipetted into a 
graduated tube (Elkay Laboratory Products, Hampshire, UK), nitric acid (0.2 ml 
Aristar grade, BDH Chemicals Ltd., Essex, UK) was added and the samples digested 
for several hours using a water bath (80 - 100 °C). Finally a spike containing In, Be 
and Ho was added to each sample, which were then diluted to 3.0 ml using DDW (18 
MD). The final concentration of the internal standards, Be, In and Ho, in each 
solution was 50 ng ml'1. The samples were analyzed in duplicate using ICP-MS with 
the conditions shown in Table 3.1 and a nebulizer flow rate of 780 ml min'1. An 
external multi-element standard was run between every four samples.
In the second experiment CSF samples were prepared using a different sample dilution 
rather than a different sample volume as in experiment 1. CSF (approximately 10 ml) 
was collected in a graduated polypropylene tube and the sample digested with 0.2 ml 
of nitric acid in a water bath (80 - 100 °C) then diluted to 10 ml to form a 
homogeneous, digested CSF sample. Dilutions of aliquots of this sample were made 
using DDW following the addition of the internal standards In, Be and Ga (to give 
a final concentration of 50 ng ml'1) such that the final dilution factors for the samples 
were 3, 6, 9, 12, 15 and 18. A blank was prepared following the same procedure as 
the samples however replacing the CSF with DDW. The samples were analyzed using 
ICP-MS operating under the conditions shown in Table 3.1 with the exception that the 
mass region was reduced to 6 - 140 amu and a nebulizer flow rate of 750 ml min'1 
was used. Five replicates of each sample were run at each particular dilution factor. 
An external standard was run between every blank and sample pair.
4.4.3.2. Calculation o f Results
For both experiments the results were calculated as shown in Appendix II using 
external standard (ES), ESDC or internal standard correction by 115In+, 9Be+ or 69Ga+.
4.4.3.3. Results from Dilution Experiments
The results from experiment 1 are shown in Tables 4.11 to 4.14 for the isotopes 
25Mg, 85Rb, 65Cu and 88Sr respectively. These isotopes have been chosen as they are 
at concentration levels which give a reasonable signal-to-noise ratio after dilution.
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Table 4.15 shows the poorer results obtained for 45Sc where as a result of the lower
Table 4.11 A Comparison of Different Sample Volumes for ^Mg Calculated by 
Different Calculation Procedures
Calculation Procedure (mean concentration + sd) (jtg ml'1)
External Standard Internal Standard
Sample Volume ES ESDC Be In Ho
0.2 ml 23.2 + 0.1 23.6 ± 0.2 25.0 + 0.6 25.4 ± 0.1 27.2 ± 0.2
0.6 ml 21.4 ± 0.4 23.5 ± 0.8 23.6 + 0.5 27.8 ± 0.7 30 ± 1
1.0 ml 19.5 + 0.3 20.6 ± 0.5 22.1 ± 0.1 27.5 ± 0.3 29.4 ± 0.1
1.2 ml 18.1 ± 0.2 21.7 ± 0.2 21.2 ± 0.2 28 ± 1 30.5 ± 0.3
ES = external standard
ESDC — external standard drift corrected
Table 4.12 A Comparison of Different Sample Volumes for 85Rb Calculated by 
Different Calculation Procedures
Calculation Procedure (mean concentration + sd) (ng ml'1)
External Standard Internal Standard
Sample Volume ES ESDC Be In Ho
0.2 ml 56 ± 4 59 + 3 6 1 + 2 62 ± 4 67 ± 4
0.6 ml 51 + 1 6 1 + 5 57 + 1 67 + 3 72 + 4
1.0 ml 45 ± 2 53 + 4 52 ± 3 65 + 5 69 + 4
1.2 ml 42 ± 1 57 ± 1 50 ± 2 65 ± 1 72 ± 2
ES = external standard
ESDC = external standard drift corrected
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Table 4.13 A Comparison of Different Sample Volumes for 65Cu Calculated by
Different Calculation Procedures
Calculation Procedure (mean concentration ± sd) (ng ml'1)
External Standard Internal Standard
Sample Volume ES ESDC Be In Ho
0.2 ml 25 ± 1 26 ±  1 30 + 3 31 ± 2 37 + 1
0.6 ml 19 ± 3 22 + 2 22 + 4 28 + 3 3 1 + 3
1.0 ml 19 ± 3 22 + 3 23 ± 3 30 + 3 33 + 4
1.2 ml 18 ± 1 23 + 2 33 + 4 31 + 1 34 + 2
ES — external standard
ESDC =  external standard drift corrected
Table 4.14 A Comparison of Different Sample Volumes for 88Sr Calculated by 
Different Calculation Procedures
Calculation Procedure (mean concentration + sd) (ng ml'1)
External Standard Internal Standard
Sample Volume ES ESDC Be In Ho
0.2 ml 3.8 + 0.7 3.8 + 0.6 4.4 ± 0.7 4.5 + 0.7
0.6 ml 3.0 ± 0.1 3.4 ± 0.3 3.5 ± 0.1 4.3 ± 0.3
1.0 ml 3.1 ± 0.2 3.8 ± 0.1 4 ± 2 4.8 + 0.2
1.2 ml 2.6 ± 0.4 3.8 ± 0.6 3.2 + 0.5 4.4 + 0.8
ES =  external standard
ESDC ~  external standard drift corrected
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Table 4.15 A Comparison of Different Sample Volumes for 45Sc Calculated by
Different Calculation Procedures
Calculation Procedure (mean concentration + sd) (ng ml'1)
External Standard Internal Standard
Sample Volume ES ESDC Be In Ho
0.2 ml - - - - -
0.6 ml 1.8 ± 0.3 7 + 2 - 3.5 ± 0.5 4.3 ± 0.8
1.0 ml 2.2 ± 0 .4 5 + 1 2.4 ± 0.5 3.9 ± 0.6 4.7 ± 0.7
1.2 ml 1.2 ± 0.3 4.4 ± 0.6 1.7 ± 0.3 3.1 ± 0.2 3.8 ± 0.5
ES = external standard
ESDC = external standard drift corrected
concentration of Sc in the CSF the results for the 0.2 ml sample are below the 
determination limit. In addition for the other volumes there are large RSD's.
The results have been subjected to the analysis of variance test (ANOVA). This is a 
technique by which it is possible to isolate and estimate the separate variances 
contributing to the total variance of an experiment. It is then possible to test whether 
or not certain factors actually produce significantly different results in the variables 
tested [Bauer, 1971]. In this experiment it was necessary to test firstly if there were 
any significant differences depending on the volume of CSF sampled; and secondly 
if for a particular volume there were any significant differences in the method of 
correction used to calculate the results.
The ANOVA test was performed on the data in Tables 4.11 to 4.15 using the 
statistical package SPSS-PCR. At the 95 % confidence limit there was no significant 
difference between the calculated concentrations for the different volumes for the 
elements Cu, Sr and Sc. This is probably due to the larger standard deviations as the 
elemental concentrations approach the detection limit of the instrument. Rb showed
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a significant difference at the 95 % confidence limit between the data calculated by 
ES and also that calculated using Be between the 0.2 and 1.2 ml volumes. Similarly 
with Mg the data corrected by external standard showed significant differences for 
each volume. Using ESDC calculations significant differences still remained between 
the 0.2 and 0.6 ml results when compared to the 1.0 ml volumes. Using internal 
standards only In corrected the data such that no significant differences were seen 
between the results. From these results it is clear that correction by external standard 
alone is not a suitable method. This could be attributed to a 30 % drift in the external 
standard signal throughout the run.
With respect to the type of correction used on the data there were several significant 
differences at the 95% confidence limit. The correction procedures fell into two 
distinct bands. In general there were no significant differences shown between the Be 
and ESDC results with the exception of the 1.2 ml volume for Rb; similarly between 
the In and Ho results there were no significant differences with the same exception. 
However, many of the elements showed significant differences between the ESDC and 
Ho results and between the Be and Ho corrected results. The analysis of the 1.2 ml 
volume also shows significant differences between the ESDC and In, and between the 
Be and In corrections for the elements Mg, Rb and Cu.
The results from experiment 2 are shown in Tables 4.16 to 4.19 for the isotopes 
25Mg, 85Rb, 65Cu and 88Sr respectively. Again other isotopes have been omitted as the 
results were close to the detection limits causing poorer precision. For Mg, calculated 
using external standard and ESDC, the highest four dilution factors (9 to 18) show 
significantly different results to the least dilute samples (dilution factors 6.77 and 3). 
The results calculated using internal standards, Be, In and Ga show no significant 
difference with dilution factor. The Rb results all show a significantly higher 
concentration with dilution factor 18 compared to the other dilution factors, 
irrespective of the correction procedure. In the measurement of the Cu there are 
significant differences between results due to the low concentration calculated at 
dilution factor 18 and the high concentration at dilution factor 3 irrespective of the 
method of correction used. Similarly, with Sr the low concentration calculated for
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dilution factor 18 leads to some significant differences at the 95 % confidence limit 
for all of the corrections procedures.
In terms of the correction procedures used there are some discrepancies at the 95 % 
confidence level between all of the results with the exception of those calculated by 
In and Ga. For Mg and Rb some significant differences have been found for the 
results calculated by external standard and the other calculation procedures. For Mg 
this difference is for most of the dilution factors. For Rb the differences are at 
dilution factor 3 for the ES compared to both ESDC and Be; and at dilution factor 12 
for ES compared to both In and Ga corrections. The Be corrected results tend to give 
significantly higher concentrations when compared to the other correction procedures. 
The ESDC results show significantly different results to those of the other calculations 
particularly for Mg and Rb but this does depend on the dilution factor being 
considered. The differences outlined above are summarised in Figures 4.23 to 4.26 
for both experiment 1 and 2.
Table 4.16 A Comparison of the Calculated Concentration for ^Mg for Different 
Dilution Factors and Calculation Procedures
Calculation Procedure (mean concentration + sd) (jxg ml'1)
External Standard Internal Standard
Dilution Factor ES ESDC Be Ga In
18 25.6 ± 0.4 25.1 + 0.4 26 + 2 23 + 1 23 ± I
15 26 ± 1 25 ± 1 28 ± 2 24 ± 1 24 ± 1
12 27 ± 1 25 ± 1 29 ± 2 23.7 + 0.4 24 + 1
9 27 ± 1 23 + 1 30 ± 1 25 ± 1 24 ± I
6.77 24 + 2 20 ± 1 27 ± 2 24 + 1 24 + 1
3 24 ± 1 20 + 1 28 + 1 24 ± 2 24 + 1
ES =  external standard
ESDC = external standard drift corrected
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T a b l e  4 . 1 7  A  C o m p a r i s o n  o f  t h e  C a l c u l a t e d  C o n c e n t r a t io n  f o r  85R b  f o r  D i f f e r e n t
D i l u t i o n  F a c t o r s  a n d  C a l c u l a t i o n  P r o c e d u r e s
Calculation Procedure (mean concentration + sd) (ng ml'1)
External Standard Internal Standard
Dilution Factor ES ESDC Be Ga In
18 96 ± 22 94 ± 22 99 + 18 87 ± 20 85 + 19
15 71 ± 4 68 ± 4 77 ± 6 64 ± 5 64 ± 3
12 70 + 4 65 ± 3 7 6 + 5 61 ± 3 62 ± 3
9 70 + 6 63 ± 5 77 + 4 64 + 6 63 ± 4
6.77 63 ± 6 55 + 5 72 ± 8 63 ± 3 64 + 5
3 62 ± 4 52 ± 3 73 + 4 60 + 4 62 + 2
ES = external standard
ESDC == external standard drift corrected
Table 4.18 A Comparison of the Calculated Concentration for 65Cu for Different 
Dilution Factors and Calculation Procedures
Calculation Procedure (mean concentration + sd) (ng ml'1)
External Standard Internal Standard
Dilution Factor ES ESDC Be Ga In
18 15 ± 7 13 + 7 17 ± 10 12 + 6 15 + 15
15 25 + 6 28 ± 6 28 ± 8 22 + 4 22 + 5
12 29 + 3 26 + 3 32 + 2 25 + 3 25 ± 2
9 28 ± 8 26 + 7 32 + 9 26 + 7 26 + 7
6.77 26 + 9 22 ± 8 32 + 11 27 + 8 27 + 8
3 37 ± 5 29 ± 4 43 + 5 35 ± 3 37 + 4
ES = external standard; ESDC = external standard drift corrected
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Table 4.19 A Comparison of the Calculated Concentration for 88Sr for Different
Dilution Factors and Calculation Procedures
Calculation Procedure (mean concentration ± sd) (ng ml'1)
External Standard Internal Standard
Dilution Factor ES ESDC Be Ga In
18 2.3 ± 0.5 2.2 ± 0.5 2.5 ± 0.7 2.0 ± 0.6 1.9 ± 0.5
15 3.0 ± 0.9 2.9 ± 0.8 3.3 ± 0.9 2.7 ± 0.7 2.7 ± 0.8
12 3.2 ± 0.3 3.0 ± 0.3 3.6 ± 0.2 2.8 ± 0.2 2.8 ± 0.3
9 3.5 ± 0.7 3.1 ± 0.6 3.9 ± 0.7 3.3 ± 0.7 3.2 ± 0.6
6.77 3.1 + 0.4 2.7 ± 0.4 3.6 + 0.6 3.1 ± 0.5 3.1 ± 0.5
3 3.0 ± 0.3 2.6 ± 0.2 3.5 ± 0.4 2.9 ± 0.3 3.0 ± 0.3
ES = external standard
ESDC =  external standard drift corrected
Figure 4.23 Grid to Summarize Significant Differences for Isotopes at the 95 % 
Confidence Limit Between Different Volumes in Experiment 1. Correction Procedures 
are Shown in Parenthesis.
Volumes
Volumes 0.2 ml 0.6 ml 1.0 ml
0.6 ml 2iMg(ES, Ho)
1.0 ml “Mg(ES, ESDC, Be); 
85Rb(ES)
2JMg(ES, ESDC);
1.2 ml I5Mg(ES, ESDC, Ho); 
“Rb(ES); 85Rb(Be)
MMg(ES, Be); wRb(ES) MMg(ES)
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Figure 4.24 Grid to Summarize Significant Differences for Isotopes at the 95 % 
Confidence Limit Between Calculation Procedures in Experiment 1. Volumes Shown 
in Parenthesis.
Calculation Procedures
Calculation ES ESDC Be In
ESDC 2SMg(l .2); 85Rb(1.2)
Be “ Mg(l .2); 85Rb(l .2) 8iRb(1.2)
In 25Mg(1.2,0.6); 
85Rb(l .2,0.6); 
"Cu(1.2); 
88Sr(l .0,0.6)
2sMg(l .2); S5Rb(1.2); 
"Cu(l .2)
25Mg(l .2); 8iRb(l .2); 
"Cu(1.2)
Ga “ Mg(All); 
5iRb(l ,2,0.6); 
"Cu(1.2,0.2); 
“ Srri .0,0.6)
“ Mg(AIl); 8JRb(l .2); 
"Cu(l .2,0.2);
88Sr(l.0,0.6)
2iMg(l .2,0.6); 
85Rb(1.2,0.6); 
"Cu(1.2); 
88Sr(l .0,0.6)
"Rb(1.2)
Figure 4.25 Grid to Summarize Significant Differences for Isotopes at the 95 % 
Confidence Limit Between Different Dilution Factors in Experiment 2. Correction 
Procedures Shown in Parenthesis.
Dilution Factors
Dilution Factors 18 15 12 9 6.77
15 %•Oo&
12 85Rb(AIl);
"Cu(ES,ESDC,Ga)
9 “ Mg(ESDC,Be);
"Rb(AIl);
"Cu(ES,ESDC,Ga,In);
88Sr(ES,Be,Ga,In)
“ Mg(ESDC)
6.77 “ Mg(ES, ESDC); 
siRb(All); ssSr(Ga,In)
25Mg(ES,ESDC) “Mg(ES,ESDC) 25Mg(ES,ESDC)
3 55Mg(ESDC,ES); 
“Rb(All); "Cu(Ail); 
ssSr(In)
25Mg(ES,ESDC)
"Cu(Ga,In)
25Mg(ES,ESDC)
"Cu(Ga,In)
2iMg(ES,ESDC)
"Cu(In)
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Figure 4.26 Grid to Summarize Significant Differences for Isotopes at the 95 % 
Confidence Limit Between Different Calculation Procedures in Experiment 2. Dilution 
Factors Shown in Parenthesis.
Calculation Procedures
Calculation ES ESDC Be Ga
ESDC MMg(3,6.77,9,12); 
eiRb(3)
Be wMg(3,6.77,9,12,15);
83Rb(3)
wMg(3,6.77,9,12,15); 
83Rb(All); 65Cu(3,I2); 
88Sr(3,6.77)
Ga 23Mg(9,l2,15,18);
s3Rb(12)
I5Mg(3,6.77,18);
83Rb(3)
23Mg(All); 
81Rb(3,9,12,15); 
63Cu(12); 88Sr(3,12)
In 23Mg(9,12,15,18);
83Rb(12)
23Mg(All); 83Rb(3) S3Mg(AU); 
83Rb(3,9,12,15); 
63Cu(12); 88Sr(12)
4.4.3.4. Conclusions for the Dilution Experiments
Unfortunately from these results it is not possible to determine which method of 
calculation is giving the best correction. In experiment 1 the external standard signals 
for the analytes were lowered by approximately 30% throughout the run. In 
experiment 2 the external standard signals for the analytes were enhanced by 
approximately 20%. This was analyte dependent; 88Sr+ being enhanced by 
approximated 10% whereas 65Cu+ and 25Mg+ were enhanced by 25% and 85Rb+ by 
18%. The signal suppression and enhancement observed means that ES alone cannot 
act as a suitable method of correction and explains why significant differences were 
observed between ES results and correction by the other methods.
There were interesting differences observed throughout the two experimental runs for 
the 3 internal standards. In experiment 1 the Be signal remained higher throughout the 
run than the In and Ho signals. Whereas in experiment 2 the reverse occurred and the 
In and Ga signals were greater than the Be signal. This undoubtedly led to the
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significant differences in the final calculations. This emphasises the differences shown 
across the mass range for elements and the need to select an internal standard of 
similar mass to the analyte element.
It is difficult to determine whether or not matrix suppression is occurring. Figures 
4.27 and 4.28 show the normalised responses for 25Mg+ and the internal standards 
throughout experiment 1 and experiment 2 respectively. In both figures 's' represents 
the external standard ran in duplicate in experiment 1 and triplicate in experiment 2 
between the samples. In experiment 1 'r ' is the reagent blank which is the same for 
all samples; 'a' is the 0.2 ml volume; 'b* the 0.6 ml volume; 'c ' the 1.0 ml volume; 
and 'd ' the 1.2 ml volume. In experiment 2 for each sample 'c' there is a 
corresponding blank ’b’. The suffixes 1, 2, 3, 4, 5 and 6 refer to the dilution factors 
18, 15, 12, 9, 6.77 and 3 respectively. Consequently in both experiments the samples 
become more concentrated throughout the run. Drift correction of the results relies 
on there being a linear change in the response between the external standards. 
Evaluating Figure 4.27 there is a downward drift in the 25Mg+ signal in 's ’ and the 
internal standards added to 's ’. Within the replicate samples ran between 's' the 25Mg+ 
signal is not seen to drift downwards for sample 'a ', 'b' an d 'd ' whereas it does for 
sample 'c '. The internal standard signals appear to be suppressed in the samples. The 
I15In+ and 165Ho+ signals are similar and differ from that of the 9Be+. This may be 
accounted for by the masses differences. Additionally In and Ho have similar 
ionisation energies (5.79 and 6.02 eV respectively) compared to the higher ionisation 
energy of Be (9.32 eV).
Figure 4.28 (a), (b) and (c) for experiment 2 shows the signal for 25Mg+ compared to 
that of 9Be+, 69Ga+ and 115In+ respectively. The 69Ga+ and ll5In+ signals increase 
gradually in line with that of the 25Mg+ signal in 's' until after sample 'c4'. However, 
after this point the external standard signal shows a further enhancement whereas the 
Ga and In signal in the samples 'b5' and 'c6' do not increase, although an increase 
in their signal is observed when the external standard is next introduced into the 
instrument. This could be explained by two possibilities, either there is matrix 
suppression in sample 'c5' and 'c6' causing the lowered ,15In+ and 69Ga+ signal; or
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different dilutions at the 95 % confidence limit. However, the ESDC data did show 
differences between the most concentrated solutions and the least concentrated 
solutions. These results would be consistent with the inability of ESDC to correct for 
matrix effects. The 9Be+ signal did not follow the pattern of the other internal 
standards or the external standard and hence there is less credibility in these results.
The rubidium gave similar results to the Mg with the exception that at the dilution 
factor of 18 in experiment 2 the results seemed erroneously high. Similarly spurious 
results were obtained for Cu and Sr. It is considered that these results are likely to 
be the most inaccurate as they are the closest to the instrument detection limits.
From these experiments it is possible to measure Mg, Rb, Cu and Sr at higher 
dilution factors, although this may make it more difficult to expand the number of 
elements analyzed in the future as it compromises the detection limits. The addition 
of an internal standard may help alleviate problems due to matrix effects particularly 
at higher concentrations although the selection of internal standard depends on the 
mass and ionisation energy of the analyte element.
4 .4 .4  Isotope Dilution Mass Spectrometry (EDMS)
4.4.4.1 Experimental Design
The technique of IDMS cannot be used for all elements as explained earlier. From 
Figures 4.11 to 4.14 and 4.16 to 4.19 it can be seen that isotopic information is 
available for several elements. Hence as a preliminary investigation into this 
technique the elements Mg, Rb and Sr were considered. These three elements were 
chosen for the following reasons: good isotopic information had been obtained in 
earlier experiments; the lack of isobaric interferences (with the exception of 87Rb); and 
the commercial availability of a relevant enriched isotopic spike. 25Mg, 87Rb and 86Sr 
were purchased (Stable Isotope Unit, Harwell Laboratory, Oxfordshire, UK) in their 
maximum percentage purity. The isotopes were sent as their oxide, chloride and 
carbonate respectively and dissolved in nitric acid (Normatom Grade, Rhone Poulenc, 
Laboratory Products, Manchester, UK) and made into soluble standards using doubly 
distilled deionised water (18 Mil). Two experiments were carried out. In the first
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experimentasetofisotopically enriched spiked multi-element standards were prepared 
in order to determine the elemental concentration of the spike [Fassett and Paulsen, 
1989]. Then the spike was added to a set of known standards and the concentration 
of the standards checked compared with other methods of calculation. In the second 
experiment the spike was added at different stages in the digestion procedure to a 
series of CSF samples. This was carried out to determine the length of time IDMS 
requires for equilibration of the spike isotope and the natural isotopes.
In the first experiment a multi-element standard was prepared containing 50 pg ml'1 
Mg, 120 ng ml'1 Rb and 10 ng ml'1 Sr in a 1 % nitric acid solution. Similarly a multi­
element isotopically enriched spike was prepared containing predominantly 25Mg, 87Rb 
and 86Sr at approximate concentrations (which were to be determined accurately) of 
5 pg ml'1, 200 pg ml"1 and 10 pg ml'1 respectively. The concentrations could only be 
determined approximately as a result of the small sample quantities purchased and the 
approximate values of their percentage purity. A multi-element standard (0,5 ml) was 
pipetted into each of three graduated polypropylene tubes (Elkay Laboratory Products, 
Hampshire, UK) then 0.2, 0.3 and 0.4 ml of spike solution was added to each tube 
separately. To each tube Be, In and Ho internal standards were added to give a final 
concentration of 50 ng ml'1 after dilution to 3.0 ml (DDW; 18 MD). Additionally a 
spike solution with no multi-element standard added was prepared, a standard solution 
with no spike was prepared and a reagent blank solution. The solutions were 
introduced by direct nebulisation into the ICP-MS using the operating conditions in 
Table 3.1 with a nebulizer flow rate of 750 ml min'1 and mass scan range of 6 to 135 
a.m.u.. The raw results were calculated as shown in Appendix II. To compare the 
results given by IDMS with those of the internal standards and ESDC results the 
following run was carried out. An external standard containing 25 pg ml'1 Mg, 60 
ng ml'1 Rb and 5 ng ml'1 Sr was introduced into the ICP-MS with a standard blank; 
followed by three samples with 0.2 ml of the spike added to each and 0.3, 0.5 and 0.7 
ml of the external standard solution added respectively. The raw data were calculated 
as shown in section 4.4.4.2 and the results are shown in section 4.4.4.3.
In the second experiment a bulk sample of approximately 25 ml of CSF was made by
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combining several samples of CSF obtained from patients during routine lumbar 
punctures. This bulk sample was divided into four portions. From the first portion 
(A) five 1.0 ml aliquots were each placed into graduated tubes, nitric acid (100 pi) 
was added to each and they were digested in a water bath (95-100°C). Be, In and Ho 
internal standards were then added before dilution with DDW up to 6.0 ml to give a 
final concentration of 50 ng ml'1 for the internal standards. The second portion of the 
bulk CSF (B) was treated by removing 6.0 ml of the CSF and adding to this 1.2 ml 
of the spike; this was allowed to equilibrate overnight before five 1.2 ml samples 
were removed, digested and diluted as for portion (A). The third portion (C) of the 
CSF batch had five 1.0 ml CSF aliquots each placed into a graduated polypropylene 
tube. To each aliquot 0.2 ml of the spike was added just prior to digestion then the 
samples were diluted as for portion (A). From the fourth portion (D) of the bulk CSF 
sample five 1.0 ml samples were treated as with portion (A), however, after digestion 
and prior to dilution, 0.2 ml of spike was added to each aliquot. For each of these 
portions (A) to (D) a concomitant reagent blank was prepared, digested and diluted 
containing everything except the CSF sample. The samples were analyzed by direct 
nebulisation into the ICP-MS and treatment of the results was as shown in section
4.4.4.2.
4.4.4.2 Calculation o f Results
The data was converted from the ICP-MS format to a form suitable for use in the 
spreadsheet package, QPROr (Borland International Ltd., Berkshire, UK) using the 
in-house fortran programme NEWPQ [Abou-Shakra, 1991]. After blank correction 
of the data, as the signal is proportional to the number of atoms generated in the ICP, 
the following formula can be employed for IDMS:
Measured isotope ratio = SA = A..C..V.. +  A.C.V.
SB BXCXVX +  BSCSVS
where SA and SB are the measured signals in the spiked sample for isotopes A and B 
respectively, Ax and Bx are atom fractions of isotopes A and B respectively in the 
sample, As and Bs are atom fractions of isotopes A and B in the spike respectively,
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Cx and Cs are the concentrations of element in the sample and spike respectively and 
Vx and Vs are the sample volume and added spike volume in ml prior to dilution.
The atom fractions can be determined experimentally from the measured counts after 
blank correction. For example, to determine Ax, the counts for isotopes A and B 
would be measured in the unspiked sample:
Ax =  _ S A—
SA + SB unspiked sample
The concentrations are measured in mol ml"1, and hence need to be converted to g ml*1 
units using the appropriate atomic masses for the isotopes concerned. The elemental 
concentration of the unknown sample is hence given by:
Cx = CsVs/ S 2As_^S1Bsl 
Vx ( S A - S A )
where Cs has been previously determined. If this is not the case then, as in 
experiment 1, Cs can be calculated by the rearrangement of the above equation and 
use of a standard of known elemental concentration, Cx. This equation holds providing 
there are no significant isobaric or polyatomic interferences. The isotopes selected in 
this study were all free of isobaric interferences with the exception of 87Rb which has 
an interference from 87Sr. However, the contribution of this isotope is negligible as 
Sr is at a much smaller concentration than Rb in CSF. Additionally, 87Sr is only 7 % 
abundant naturally and less than 1 % in the enriched isotope spike. The other 
calculations for ESDC and internal standard corrections were performed as shown in 
Appendix II.
4.4.4.3. Results from Isotope Dilution Mass Spectrometry
The 'spike' concentrations calculated from experiment 1 gave values of 3.9 ±  0.4 pg 
ml*1; 165 ±  12 ng ml'1 and 8.3 ±  0.6 ng ml*1 for Mg, Rb and Sr respectively. Using 
these concentrations the standard concentrations in the second part of experiment 2 
were calculated and the results are shown in Table 4.20. The results are in good
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agreement with the actual elemental concentrations in the standard. Additionally there 
are no significant differences between the correction procedures employed at the 95 % 
confidence limit using the ANOVA test.
The results for samples B, C and D in experiment 2 are shown in Table 4.21. There 
are no significant differences between these results showing that equilibration of the 
spike isotopes in the CSF must be easily achieved. However, when group 'A' CSF 
samples, which contained no spike, were calculated using ESDC and internal standard 
corrections and compared to those results calculated for samples 'B ', 'C' and 'D' by 
IDMS there were some significant differences in the results. These results are shown 
in Table 4.22. Magnesium showed significant differences between the IDMS corrected 
results and the results corrected by Be, Ga and In. Significant differences were 
observed for the Rb results between those corrected by IDMS and In; and also 
between both the IDMS and ESDC results compared with the Be correction. The Sr 
results showed no significant differences at the 95 % confidence level. However, the 
RSD for Sr was approximately 25% at the 2 ng ml"1 level which is close to the 
instrument detection limit.
4.4.4.4. Conclusions from the Isotope Dilution Mass Spectrometry Experiments 
The IDMS gave good agreement with the other methods of calculation for the 
standards analyzed. However, there was no increase in precision which would have 
been expected for IDMS. Precision is improved from an error propagation standpoint 
alone, when the measured isotope ratio equals the square root of the product of the 
ratios of the spike and natural isotope [Fassett et Paulsen, 1989]. However, in practice 
other factors need to be considered. For example, several authors have achieved the 
best mass spectrometric precision for measured isotope ratios near one [McLaxen et 
al., 1987b; Beauchemin et al., 1987b]. Also when the element to be determined is 
near the detection limit, the ratio of spike isotope to natural isotope should be greater 
than one, so that noise contributes only to the uncertainty of the natural isotope and 
not to the spike isotope [Moody and Paulsen, 1988].
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Table 4.20 Elemental Concentrations for Mg, Rb and Sr in a Standard Solution,
Calculated by a Variety of Correction Procedures
Elemental Concentrations (mean +  sd) (ng ml'1, * pg ml’1)
Correction Mg * Rb Sr
Concentration 50 120 10
IDMS 50 ±  2 118 ±  2 9 ±  1
ESDC 51 ±  1 118 ±  1 12 +  2
Be 50 +  2 114 ±  4 11 ±  2
Ga 52 ±  2 118 ±  2 1 1 + 2
In 53 +  1 121 ±  3 11 +  2
IDMS =  isotope dilution mass spectrometry 
ESDC =  external standard drift corrected
Table 4.21 Elemental Concentrations for Mg, Rb and Sr Calculated by IDMS with 
varying Spike Equilibration
Elemental Concentrations (mean +  sd) (ng ml'1, *pg ml'1)
Equilibration Mg* Rb Sr
B 17 +  2 57 +  3 2.3 +  0.4
C 20 +  6 58 +  9 2.3 ±  0.5
D 1 8 + 1 54 +  4 1.7 +  0.2
B =  Overnight equilibration prior to digestion; C =  immediately prior to digestion; 
D =  immediately prior to dilution.
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Table 4.22 Elemental Concentrations for Mg, Rb and Sr in a CSF, Calculated by a
Variety of Correction Procedures
Elemental Concentrations (mean +  sd) (ng ml"1, * pg ml"1)
Correction Mg * Rb Sr
IDMS 18 +  4 56 +  6 2.1 +  0.5
ESDC 23 +  2 57 +  2 2.0 ±  0.5
Be 26 +  2 70 +  5 2.1 +  0.5
Ga 24 ±  1 64 +  3 1.9 ±  0.3
In 24 +  1 65 +  2 2.0 +  0.3
IDMS =  isotope dilution mass spectrometry 
ESDC = external standard drift corrected
In this experiment the measured isotope ratios were close to one after the addition of 
the spike. However, precision for Sr may have been improved if this ratio had been 
increased to between 3 to 10 [Fassett et Paulsen, 1989].
The accuracy for the standards was good, all of the calculations giving results close 
to the true values. Throughout this experiment there was very little signal drift which 
may explain the calculations showing no significant differences. Conversely in 
experiment 2 there was a 40% reduction in the external standard sample inserted 
before and after the 'A' samples. This may account for the differences observed 
between the IDMS and the internal standard correction results. In theory the spiked 
isotope should act as the best internal standard for each concomitant element under 
instances of signal drift and suppression.
There are two main sources of systematic error affecting the accuracy in IDMS these 
are sample preparation and mass spectrometric analysis. IDMS requires equilibration
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of the spike and the natural isotopes thus the sample must be dissolved. If the sample 
does not completely dissolve, if the spike or sample isotopes are selectively lost 
before equilibration, or if contamination occurs in the dissolution process, the 
measured isotopic ratio will not reflect the accurate ratio of added spike atoms to 
sample atoms for that element [Fassett et Paulsen, 1989]. There were no significant 
differences observed in the results for the CSF samples when the spike was added at 
different stages in the sample preparation process which suggests that sample 
preparation did not affect the accuracy of the results. However, it is assumed that 
chemical and oxidation state equilibration is achieved by the ICP itself on sample 
introduction. There are two main problems concerning accurate isotope ratio 
measurements by mass spectrometry that of isobaric interferences and of instrumental 
mass/response discrimination effects. In order to overcome these problems the natural 
isotopic abundancy and the spiked abundancy were measured experimentally and these 
experimental values were used in all the calculations. Therefore it seems that the 
IDMS results should be of good accuracy.
4.4.5. Matrix Matched Standards 
4.4.5.1. Experimental Design
Several experiments have been attempted using matrix matched standards. The main 
addition to the standard being the sodium cation in the form of sodium nitrate. 
However, in the majority of experiments the introduction of this matrix matched 
standard or the concomitant blank into the ICP-MS caused deterioration of the signal 
by as much as 65 %. In one case the count rate was attenuated such that the precision 
of the experiment was severely impaired and the experiment was abandoned. Wang 
et al. [1990] suggested that the signal could be reoptimised using a matrix matched 
standard, however, in the latter experiment no improvement of the signal could be 
achieved. The signal deterioration appears to be more rapid using matrix matched 
standards than when the samples themselves are introduced into the instrument. As 
a result of this latter observation an experiment was conducted in which the matrix 
matched standard and blank were introduced following the synthetic samples. No 
further deterioration of the signal was observed in this case. Additionally the 
concentration of nitric acid in the matrix matched standard was increased to 10 % in
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an attempt to mimic the concentration remaining in the samples.
The most favourable method of testing the results obtained using a matrix matched 
standard is by analyzing a standard reference material comparable to the sample in 
question. However, as there is no suitable reference material for CSF a test solution 
was prepared. The analyte concentrations in this solution were higher than those found 
in CSF in order to improve the precision of the measurements. The analyte 
concentrations were as follows: 15 pg ml'1 of Ca and Mg; 1.5 pg ml'1 of Cu, Zn and 
Rb; and 60 ng ml'1 of Li, Sb, Cs, Sc, Sr, Cd, Mn, Pb and Sn. The analytes being 
chosen to represent a multi-element sample with elements spanning the full mass 
range. Four test solutions were prepared as follows: solution A contained the 
electrolytes Na and K at a concentration of 3000 pg ml'1 and 300 pg ml'1 respectively 
plus the analytes; solution B contained albumin at a concentration of 50 g l'1 plus the 
analytes; solution C contained the electrolytes plus the albumin and the analytes; and 
solution D contained the analytes alone.
From solutions A, B and D one ml samples were removed, placed in a volumetric 
tube (Elkay Laboratory Products, Hampshire, UK), nitric acid added (0.75 ml, 
Normatom, Rhone-Poulenc Laboratory Products, Manchester, UK) and the samples 
then digested in a water bath (95-100°C) for several hours until they became clear. 
Each sample had internal standards added (Be, In, Ga and Ho giving a final 
concentration of 50 ng ml'1) and was diluted to 3.0 ml. Similarly six samples of 
sample C were removed and treated as above with the exception that to three of the 
six samples only 100 pi of acid was added prior to digestion. These latter samples 
will be referred to as C2 henceforth. An external standard was prepared, with the 
analyte concentrations one third of those given earlier, in 1 % nitric acid. The matrix 
matched standard was similarly prepared with the addition of Na at 1000 pg ml'1 and 
K at 100 pg ml'1 in a 10% nitric acid solution. Both standards contained the internal 
standards at a concentration of 50 ng ml'1. Blanks were prepared for each of the 
samples and standard solution. The blanks, samples and standards were analyzed in 
duplicate by direct nebulisation ICP-MS, using the conditions in Table 3.1 and a 
nebulizer flow rate of 750 ml min'1. The external standard was introduced between
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every third sample. The results were calculated as described below.
4.4.5 .2  Calculation o f Results
The results were calculated in the fashion outlined in Appendix II for the ESDC and 
internal standard corrections. The matrix matched standard was used in a one point 
calibration to give the concentrations in the samples. The different methods of 
correction were compared using an ANOVA statistical test from the computer package 
SPSS-PCR.
4.4.5 .3  Results from  M atrix Matched Standard Experiments
The results from this experiment varied depending on the element being considered 
and the correction procedure employed. For the majority of elements a correction 
procedure was found which showed no significant differences at the 95 % confidence 
limit between each of the five samples A, B, C, C2 and D. This suggests that the 
matrix in this particular experiment was not causing any problems. However, all the 
correction procedures did not give the same results suggesting differences between 
them. Additionally, some of the correction procedures did not determine the "true" 
concentration of the test solution (which was known) within the 95% confidence 
limits. This is illustrated in the results for four of the isotopes, namely, 26Mg, 206Pb, 
65Cu and 123Sb given in Tables 4.23 to 4.26 respectively. For example the results 
calculated with Be correction show no significant difference at the 95 % confidence 
limit between the test solutions for Mg. However, test solutions C and C2 are 
significantly higher than the true value 5.0 pg ml"1 (n=6) at the 95% confidence 
interval. The matrix matched standard (MMS) correction gives excellent agreement 
both between test solutions and with the "true" value for Mg. In general the ESDC 
method gave significantly lower values for test solution C2 for all of the elements, 
hence this method of correction was inadequate in this particular experiment. This 
may be attributed to fluctuation of the signal in the external standards of between ±  
30%, this being element dependent.
In general internal standards gave the best correction for those isotopes closest in 
mass. For example, 206Pb in Table 4.24 gave best results when corrected using 165Ho;
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65Cu in Table 4.25 gave best results when corrected by 69Ga; and 123Sb in Table 4.26 
gave good results when corrected by I15In. The matrix matched standard gave good
Table 4.23 A Comparison of “ Mg Concentrations Calculated by Various Correction 
Procedures
25Mg Concentration in Various Matrices (mean +  sd) (pg ml'1)
Correction A B C C2 D
ESDC 4.9 +  0.4 5.5 ±  0.1 4.3 ±  0.2 4.3 ±  0.2 4.6 ±  0.1
MMS 4.6 ±  0.3 5.0 ±  0.1 5.2 ±  0.3 5.2 +  0.3 4.6 +  0.1
Be 5.3 ±  0.1 5.6 ±  0.1 5.8 ±  0.2 5.6 ±  0.3 5.4 +  0.1
Ga 5.2 ±  0.4 5.1 ±  0.1 5.3 ±  0.3 5.4 ±  0.2 5.0 ±  0.1
In 5.3 ±  0.1 5.2 ±  0.1 5.4 ±  0.1 5.7 ±  0.2 4.6 ±  0.2
Ho 5.4 ±  0.1 5.1 ±  0.1 5.7 ±  0.1 6.4 +  0.2 4.5 ±  0.1
ESDC =  external standard drift corrected; MMS =  matrix matched standard.
Table 4.24 A Comparison of 206Pb Concentrations Calculated by Various Correction 
Procedures
206Pb Concentration in Various Matrices (mean ±  sd) (ng ml'1)
Correction A B C C2 D
ESDC 19 ±  1 24 +  4 20 +  2 17 +  1 20 ±  2
MMS 26 ±  1 29 +  4 25 +  2 22 +  2 29 +  3
Be 20 ±  1 22 +  3 20 ±  1 16 ±  1 23 +  2
Ga 20 ±  1 21 +  3 18 ±  2 1 6 + 1 21 +  2
In 20 +  1 21 +  3 19 ±  1 17 ±  1 20 +  2
Ho 20 ±  1 2 1 + 3 19 +  1 19 +  1 19 +  1
ESDC = external standard drift corrected; MMS = matrix matched standard.
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Table 4.25 A Comparison of ^ Cu Concentrations Calculated by Various Correction
Procedures
65Cu Concentration in Various Matrices (mean +  sd) (ng ml'1)
Correction A B C C2 D
ESDC 4.9 ±  0.2 5.7 ±  0.4 4.6 ±  0.5 4.2 ±  0.2 4.7 ±  0.1
MMS 4.4 ±  0.1 4.6 +  0.3 4.7 ±  0.4 5.1 ±  0.4 4.5 +  0.1
Be 5.1 ±  0.2 5.3 +  0.2 5.6 ±  0.3 5.6 ±  0.3 5.4 ±  0.1
Ga 5.0 ±  0.2 4.9 +  0.4 5.1 ±  0.4 5.2 ±  0.2 5.0 ±  0.1
In 5.1 ±  0.2 5.0 ±  0.2 5.2 ±  0.2 5.6 ±  0.3 4.6 +  0.1
Ho 5.2 ±  0.2 4.9 ±  0.2 5.5 ±  0.3 6.3 ±  0.4 4.5 ±  0.2
ESDC =  external standard drift corrected; MMS =  matrix matched standard.
Table 4.26 A Comparison of 123Sb Concentrations Calculated by Various Correction 
Procedures
123Sb Concentration in Various Matrices (mean +  sd) (ng ml'1)
Correction A B C C2 D
ESDC 1 9 + 1 21 +  1 20 +  1 17 +  1 20 ±  1
MMS 21 +  1 23 ±  1 22 +  1 21 +  2 24 +  1
Be 21 ±  1 22 +  1 22 +  1 19 +  2 24 +  1
Ga 20 ±  2 20 +  1 20 +  2 1 8 + 1 22 ±  1
In 21 +  1 20 +  1 21 +  1 20 +  1 20 +  1
Ho 21 +  1 20 +  1 22 +  1 22 +  1 20 +  1
ESDC =  external standard drift corrected; MMS = matrix matched standard.
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results for the low mass end of the mass range e.g. 7Li, 25Mg and 55Mn. Additionally 
45Sc, 85Rb and 68Zn were also adequately corrected using 69Ga; u8Sn and niCd by il5In. 
The results for 79Br, I33Cs, 88Sr and 43Ca were not adequately corrected using any of 
the methods which suggests some instability in the signals or contamination problems.
4.4.5 .4  Conclusions fo r  the M atrix Matched Experiments
The matrix matched standard did not give correction for all the elements although for 
the majority of elements it did give better correction than the ESDC. It appears that 
introducing the matrix matched standard after the introduction of the sample causes 
less of a pronounced affect than introducing it prior to the sample, although this may 
have been as a result of the higher acid concentration in the standard in this particular 
experiment.
This experiment allowed the internal standards to be tested once again and showed 
good results for 69Ga, 115In and 165Ho when used to correct for the isotopes of a 
similar mass. However, the 9Be results were not as promising.
4.5 Overall Conclusions
Overall the results are very variable depending on instrument variability from day-to- 
day. Standard addition experiment 2 showed that the external standard ran throughout 
the day can give very variable results. However, standard addition experiment 3 
showed good results when correcting the data by ESDC and enhancement of the 
results using internal standard correction. No matrix suppression was observed during 
this experiment. The two volume experiments showed that internal standards could 
be used to correct the data such that no significant differences could be seen at 
different dilution factors. The second volume experiment showed that matrix 
suppression may indeed have been occurring throughout this particular experiment. 
The results calculated using IDMS were difficult to compare to the other correction 
methods because of the variability in the instrument signal between the samples 
analyzed. This method could supply accurate results for Mg, Rb and Sr but it is not
1 7 5
suitable for multi-element use. The MMS method showed the effectiveness of internal 
standard correction but it must be realised that the samples analyzed were synthetic 
samples and not CSF itself. Synthetic samples gave more promising results in Chapter 
3 than was found in the 'real' CSF samples. In addition, the analyte concentration 
levels were higher in the synthetic samples than those found in CSF.
Unfortunately, it would appear that there is no simple correction technique which can 
be applied in the analysis of CSF routinely by nebuliser ICP-MS. However, the 
results have shown that the method of sample preparation for CSF is valid. Hence if 
the stability of the ICP-MS could be controlled there is potential in this procedure for 
routine analysis.
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Chapter V.
Conclusions and Bflfther Remarks
The aim of this work was to test the suitability of ICP-MS for determining the trace 
element concentration levels in cerebrospinal fluid. The method established was to 
provide simultaneous multi-element analysis of CSF for use in routine analysis from 
a minimal sample volume (0.2 - 1.0 ml). In contrast to previously reported work 
[Ward et al., 1988] it was necessary to initiate safety procedures for the handling of 
biological samples within the chemistry department. CSF is now classified as a 
category BI material [DHSS, 1978] and hence was handled within a specially 
designed biological box until digested with nitric acid. The full procedure is outlined 
in Appendix I. The method chosen for the sample preparation needed to involve 
sample dilution, as the sample volumes of CSF were too small to analyze directly, 
and digestion with acid, to comply with the safety procedure. The acid of choice was 
nitric acid as it gives fewer spectral interferences [Gray, 1989]. Routine lumbar 
puncture provides only small volumes of CSF, typically less than 2.0 ml, hence, 0.2 
or 1.0 ml volumes were used for ICP-MS analysis (depending on the amount 
remaining after biochemical analysis by the hospital). Following acid digestion the 
samples were diluted to 3.0 ml with doubly distilled deionised water to obtain 
sufficient material for pneumatic nebulisation into the ICP-MS instrument. Digestion 
was carried out either by microwave (Sashio 650 W, 1.5 minutes for 0.2 ml and 2 
minutes for 1.0 ml samples) for small numbers of samples or by water-bath (95 - 100 
°C, for 8 hours) for larger numbers. The accuracy of the method was determined by 
analysis of an international standard reference material namely, NIST SRM-909 
Human Serum. The results obtained are within the 95 % confidence limit for the 
certified data, or the quoted literature values, for the elements Ca, Cr, Cu, Fe, Mg, 
Rb and Zn. Recoveries of 92 to 105 percent are reported for the addition of a spike 
containing the elements Ca (5 pg ml'1), Cu (20 ng ml'1), Fe (20 ng ml'1), Mg (5 pg 
ml'1), Rb (20 ng ml'1), Sr (20 ng ml'1) and Zn (20 ng ml'1) to CSF.
A preliminary study of one hundred and sixty three CSF samples (97 using 1.0 ml 
and 66 using 0.2 ml sample volumes) gave elemental values which were within the 
ranges quoted in the literature, with the exception of Ba, Cs and Sb. However, in 
view of the large range of values presented in the literature this is hardly surprising. 
Figures 5.1 to 5.3 compare the results from the 1.0 ml volumes in this study, median
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and upper and lower quartiles, with the minimum and maximum values given in the 
literature. The elements Cd, Co, Hg, Sc, Sn and V were below the calculated 
detection limits of the ICP-MS at levels of less than 1 ng ml'1, except for Hg where 
the detection limit was 2 ng ml'1. For Al, Ba, Cs, Pb, Sb, Se and Zn the interquartile 
range included values which lay below the detection limit. Only for the elements Br, 
Ca, Cu, Mg, P, Rb and Sr did the interquartile range lie above the calculated 
detection limits. In addition, Br, Ca, Mg and P were at pg ml'1 concentration limits 
whilst Cu and Rb were reported in the ng ml"1 range. The precision reported at these 
concentration levels was poor ranging from 5 to 20 percent. This is to be expected 
as many of the elemental concentrations approach the calculated detection limit and 
are below the determination limit, giving expected RSD’s of 33.3 % and 10 %, 
respectively [Miller, 1991].
Figure 5.1 Macro-Element Concentrations in Cerebrospinal Fluid. Literature 
gives minimum and maximum range. This study shows interquartile range and 
median.
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Figure 5.2 Trace-Element Concentrations in Cerebrospinal Fluid. Literature gives 
minimum and maximum range. This study shows interquartile range and 
median. ,
* =  lower limit below detection limit
Figure 5.3 Ultra-Trace Element Concentrations in CSF. Literature gives 
minimum and maximum range. This study shows interquartile range and 
median.
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As a result of the larger dilution factor for the 0.2 ml sample volumes (i.e. 15), more 
elemental concentrations were obtained below the detection limit. However, it was 
noticeable that for those elements which were at concentrations higher than the 
detection limit significantly higher (at the 95 % confidence limit) concentration ranges 
were determined. These differences were not attributed to sample homogeneity or a 
systematic pipetting error. However, in view of these differences and the necessity 
of handling such small sample volumes it was necessary to assess the analytical 
performance of the ICP-MS under multi-element scan conditions (for a mass range 
of 6 - 209 amu), and to consider optimisation of the analyte signals in biological 
samples (i.e. in the presence of a matrix containing high concentrations of sodium and 
potassium).
Detection limits were determined under multi-element scan conditions which were 
comparable to literature values [Gray, 1986]. Two synthetic standard solutions were 
prepared, one at concentration levels similar to blood serum and the other at levels 
similar to CSF. The precision for the solution at elemental concentration levels 
similar to CSF was shown to be impaired. This is in agreement with literature 
findings [Valcarcel and Rios, 1993] where it was reported that the lower the element 
concentration the higher the expected relative standard deviations. The instrument 
accuracy was assessed by analyzing an international standard reference material, 
NIST SRM 1643b Trace Elements in Water which gave results which were 
comparable to the certified data within 95 % confidence limits for the elements V, 
Cr, Mn, Co, Zn, Cu, Cd and Pb. However, as with the NIST SRM-909 Human 
Serum these elemental concentrations are much higher for the majority of the 
elements than those in CSF. The linear dynamic range was verified across 3 orders 
of magnitude covering the range of most biological fluids. These results demonstrated 
good overall analytical performance for ICP-MS in synthetic standard analysis. 
However, it must be noted that under multi-element scan conditions these analytical 
figures of merit were not as good as those quoted by the instrument makers, which 
had probably been determined in single-ion mode.
The effect of sodium on the analyte signal was evaluated at several nebuliser flow
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rates (NFR’s) ranging from 620 to 1080 ml min'1 using two synthetic multi-element 
standards. Both contained analyte concentrations of Li, B, Al, Sc, V, Cr, Mn, Co, 
Ni, Ge, As, Sr, Mo, Cd, Sn, Sb, I, Cs, Ba, Hg and Pb at 20 ng ml'1; Cu, Zn, Fe, 
Se and Rb at 0.5 pg ml"1; Br at 1 pg ml'1 and Mg and Ca at 5 pg ml'1. In addition, 
one standard contained sodium at a concentration of 1000 pg ml'1. For both of these 
synthetic standards similar trends were observed. At low NFR’s a low signal per mole 
of analyte was obtained as the flow rate is not sufficient to pierce the plasma. At the 
highest NFR of 1080 ml min'1 the signal per mole of element is decreased as there 
is insufficient residence time for the analyte elements in the plasma to undergo 
effective dissociation and ionisation. The optimum signal per mole for the heavy 
elements was over the NFR range 820 ml min'1 to 1020 ml min'1. For the lighter 
elements the optimum was at 1020 ml min'1. This is thought to be due to space charge 
effects - the lighter elements being less likely to be deflected off-axis in the mass 
spectrometer at higher NFR’s. The ion signal versus NFR curves show a plateau 
across a range of NFR’s (820 to 1020 ml min'1) for the heavier elements. Other 
authors have reported gaussian shaped curves [Williams and Gray, 1988]. The 
different curve shape is attributed to a possible secondary discharge occurring at 
higher NFR’s and hence the analyte signals are maintained at a higher than expected 
level [Gillson et al., 1988]. For similar ionisation energies heavier elements give a 
better analyte signal per mole than lighter ones. This is again attributed to mass 
discrimination effects in the mass spectrometer. For elements of comparable mass 
those with lower ionisation energies give the better signal per mole of analyte, as 
would be expected. The instrument was most stable over the NFR range of 750 to 
1020 ml min'1 which corresponded to the highest signal per mole values. Polyatomic 
and doubly charged interferences rose after a nebulizer flow rate of 880 ml min'1. In 
the case of increased oxide levels at higher NFR’s this was attributed to less 
dissociation as a result of the shorter residence time in the plasma. The doubly 
charged species increased at the flow rate of 1020 ml min'1 which is thought to be 
caused by secondary discharge increasing the energy of the plasma and hence 
promoting ionisation of these species.
Overall the same general trends were observed for the standard containing sodium.
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However, the signal was less stable with the sodium added resulting in an attenuation 
in the level of precision. The dynamic range remained linear with the addition of 
sodium although the signal was generally lower than that without sodium. Signal 
enhancement and suppression was noted at different NFR’s which is in agreement 
with work done by Tan and Horlick [1987]. Sodium suppression was greatest at the 
higher NFR’s. This can be accounted for by two possible mechanisms, either or both 
may be important. Firstly, the signal is proportional to the degree of ionisation which 
is in turn proportional to the plasma temperature [Olivares, 1988]. At higher NFR’s 
the plasma is cooled which would lead to a corresponding decrease in the analyte 
signal. Secondly, as the NFR is increased the proportion of sodium entering the 
plasma is increased. This increases the proportion of sodium to argon. As sodium has 
a significantly lower ionisation energy than argon (5.138 compared to 15.755 eV) 
then sodium will add significantly more electrons to the plasma. This could effect the 
equilibrium position between neutral and ionised analyte species, causing the 
production of more neutral species and less positive ions thus lowering the analyte 
signal. As a result of these studies the optimum NFR range for analyzing biological 
fluids (such as CSF and serum) was determined to be between 700 and 950 ml min'1. 
Although this NFR range did not provide the maximum analyte signal, particularly 
for the low mass analytes, it did limit the spectroscopic and non-spectroscopic 
interference effects [Abou-Shakra et al., 1992].
Three NFR’s, 720, 820 and 920 ml min'1, were examined in more detail for three 
different synthetic matrices: solutions containing sodium or potassium and one 
containing Na, K, Ca, Mg, P and Br. The analytes were Li, B, Co, Cu, Zn, Ge, Rb, 
Ba, Tl and Pb selected to span a range of masses and ionization energies. Three 
internal standards were added covering the mass range, Be, In and Ho. Analytes and 
internal standards were all at a concentration of 100 ng ml'1, the matrix elements 
represented undiluted, three-fold or ten-fold diluted CSF. The effect of sodium (3000 
pg ml'1), representing undiluted CSF, was to cause signal suppression of greater than 
50 % and to block the sampling cone of the ICP-MS. Hence these samples could not 
be routinely analyzed. At the 920 ml min'1 NFR some signal enhancement was 
observed agreeing with other workers [Beauchemin et al., 1987a]. In addition there
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was more signal instability. For similar molar concentrations potassium had a greater 
suppression effect on the analyte signal than sodium. This is thought to occur due to 
space charge effects in the ion beam resulting in coulombic repulsion between ions. 
In the presence of an excess of relatively heavy matrix ions, which have a greater 
translational energy, the analyte ions are repelled from the ion beam to a greater 
extent than with lighter matrix ions [Gillson et al., 1988]. Fortunately potassium is 
at lower levels than sodium in CSF. The matrix containing all of the matrix elements 
did not appear to give an increased level of suppression when compared to those 
containing only Na or K. Up to 60 % signal suppression was obtained. In general, 
internal standards closest in mass to the analyte element gave the best correction for 
the suppression regardless of their respective ionisation energies. By careful selection 
it appears that internal standards may be able to correct for suppression to give 
analyte concentrations within 95 % confidence limits of the true value.
Having examined the effect of matrix elements in synthetic standards, at analyte 
concentration levels greater than the expected concentrations in CSF, it was necessary 
to reexamine CSF material. In view of the above findings internal standards of Be, 
In and Ga or Ho were added to all samples, blanks and standards for further method 
evaluation. Three standard addition experiments were attempted. As a result of these 
experiments it was concluded that between 20 and 30 % of the analyte concentration 
in the CSF was the minimum that could be spiked onto the CSF to achieve adequate 
recoveries in view of the expected levels of precision at these low analyte 
concentrations. Standard addition was unable to correct for problems of instrument 
drift and spectroscopic interferences; for example the interference of 40Ar23Na+ on 
63Cu+. In one set of experiments there appeared to be no observable matrix effect. 
Thus the external standard ran in between the samples was sufficient to correct for 
instrument drift in this experiment. The internal standards appeared to overcorrect the 
data. The reason for the lack of suppression may be due to a new cone and skimmer 
being used on the ICP-MS. The sharper tips may reduce turbulence in the region 
behind the cone and skimmer producing a better signal. The use of the method of 
standard addition is not a practical solution to the routine analysis of CSF as it 
requires too much sample material and additionally the technique is time consuming.
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In view of the difficulties encountered when running different sample volumes for the 
CSF in the preliminary studies on the VG Isoptopes PQ2 at Surrey University a 
similar study was conducted using the VG Isotopes PQ2+ instrument at Aberystwyth 
University. Four different sample volumes were examined, namely 0.2, 0.6, 1.0 and
1.2 ml, giving dilution factors of 15, 5, 3 and 2.5 respectively. The experiment was 
repeated using the earlier method with the exception that the samples were digested 
using the water-bath to avoid the problem of reduced microwave heating time for the 
smaller sample volumes. Differences were observed for Rb and Mg when external 
standards were used for drift correction. Internal standardisation (In) corrected all of 
the results such that there were no significant differences between volumes at the 95 
% confidence limit. This suggests that had internal standards been used in the 
previous experiment they may have enabled a better evaluation of the volume 
problem. Additionally, the instrument signal had been optimised for biological 
samples which may have improved the results.
A further experiment was carried out by digesting a bulk CSF sample then removing 
aliquots and diluting them to give different dilution factors, 18, 15, 12, 9, 6.77 and
3. At the highest dilution factor there were significant differences for all the 
correction procedures attempted for Rb and Cu. Adequate correction could be 
achieved for Mg and Sr to give insignificant differences in the dilution factors at the 
95 % confidence limit by correction using In or Ga for Mg and external standard for 
drift correction of Sr.
From these dilution experiments it proved possible to measure Mg, Rb, Cu and Sr 
with a fifteen fold dilution factor. However, careful evaluation of the method of 
correction was necessary on the particular day of analysis. It appears that no simple 
method of correction is applicable for all occasions. Careful evaluation is needed of 
the internal and external standards used throughout the run.
Isotope dilution mass spectrometry (IDMS) experiments were carried out to examine 
Mg, Rb and Sr concentrations in CSF using the isotopes 25Mg, 26Mg, 85Rb, 87Rb, 86Sr 
and 88Sr. Initial experiments using standard solutions gave good agreement at the 95
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% confidence limit between IDMS, internal standard (Be, In and Ga) and external 
standard drift corrected results. Experiments were carried out to investigate the 
distribution of isotope spike in the CSF sample as reports have shown inappropriate 
equilibration of the spike has caused analytical problems [Fasset and Paulsen, 1989]. 
No differences were found at the 95 % confidence limit in the addition of spike, if 
equilibration was carried out overnight prior to digestion, added just prior to 
digestion, or added after digestion. Some significant differences were found at the 95 
% confidence limit for calculations involving the internal standards and the IDMS 
results. These have been attributed to a 40 % signal reduction between the CSF 
sample ran without spiked stable isotopes added and prior to those samples ran with 
the stable isotopes added. These preliminary IDMS studies may be worth pursuing 
for a limited number of elements.
The final study in this series was to evaluate the use of a matrix matched standard 
containing sodium, potassium and albumin for the analysis of synthetic CSF matrices. 
In this experiment the matrix matched standard was ran after the samples as on 
previous occasions it had caused suppression of the analyte signal and necessitated 
instrument cleaning. The matrix matched standard gave good agreement with the 
expected values at the 95 % confidence level for Li, Mg and Mn. The external 
standard used for drift correction gave unsatisfactory correction of the results for all 
the elements examined. Ga, In and Ho internal standards corrected analyte elements 
of similar mass.
In summary, it appears that pneumatic nebuliser ICP-MS cannot be used routinely for 
multi-element analysis of cerebrospinal fluid. This is as a result of the ultra-trace 
elemental concentration levels for many of the elements of interest which place them 
at or below the detection limit. This problem is compounded by the small sample 
volumes of material available from lumbar punctures. Several elements could be 
determined namely, Mg, Rb, Cu, Sr and others depending on instrument fluctuations, 
blank contamination levels and their level in the particular sample of CSF. These 
elements include Zn, Ca, Br and P. These determinations could not be thought of as 
routine as correction procedures for the data varied from day to day as a result of
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instrument instability and signal drift, perhaps caused by matrix effects from the 
samples.
At a research level the technique may be useful to supply multi-element information 
from which more detailed mono-elemental studies can be carried out on elements of 
particular interest. In mono-elemental studies or short mass range scans to include 
the analyte of choice and an internal standard pneumatic nebuliser ICP-MS might be 
used with good effect. In this case detection limits would be improved, hence 
improving precision and allowing more elements to be determined. The availability 
of a reference material for CSF would improve the quality of data presented by 
analysts in this field. ICP-MS used in mono-elemental studies may be able to provide 
data for inter-analytical studies to establish a CSF reference material.
In mono-elemental studies the lack of CSF sample material would allow only a very 
limited number of elements to be determined. In multi-element analysis, at a sample 
uptake rate of 1.0 ml min-1, it takes approximately 1.0 minute for the sample to reach 
the plasma and an additional 1.0 minute to scan the full mass range. When 3 replicate 
analyses are attempted the full 3.0 ml sample volume is utilised. In mono-elemental 
studies 1.0 minute would still be required for uptake of the sample and although the 
scan time could be reduced for a shorter mass range there would only be sufficient 
sample to attempt one subsequent analysis. In single ion mode pneumatic nebuliser 
ICP-MS would then be in direct competition with electrothermal volatilization atomic 
absorption spectrometry (ETAAS) which has comparable detection limits but which 
uses smaller sample volumes (c.a. 10 - 20 pi per analysis).
Alternative modes of sample introduction for ICP-MS are now available. These 
include flow injection (FI) and ETV-ICP-MS [Wang et al., 1990; Colodner et al., 
1993] which use smaller sample volumes. Additionally various on-line techniques are 
being used to remove the matrix elements prior to analysis [Porta et al., 1989; 
Ebdon et al., 1993a and 1993b; M°Claren et al., 1993].
New ICP-MS instruments are now competing in the market with better reported
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detection limits. The Finnegan Mat Sola ICP-MS using pneumatic nebulisation claims 
detection limits in the ng l'1 range. Additionally its modified lens system minimises 
mass discrimination effects and allows one internal standard (usually In) to correct for 
instrument drift across the mass range. These advantages may make it easier to 
correct for any matrix interferences.
Trace element research is moving away from determinations of total elemental 
concentrations towards the speciation of trace elements. Recent advances in on-line 
techniques are allowing high performance liquid chromatography and gas liquid 
chromatography instruments to be coupled to the ICP-MS [Hill et al., 1993; Vela 
and Caruso, 1993; Larsen et al., 1993]. These studies may well be of greater 
interest in clinical chemistry allowing an insight into the metal-amino acid or metal- 
protein interactions in health and disease states.
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Appendix I.
Safety Instructions for Handling Cerebrospinal Fluid
m
_________  ________
A l . l .  I n t r o d u c t i o n
Cerebrospinal fluid is classified as a category BI material [DHSS, 1978] as several 
’new’ viruses have been discovered in brain tissue. Hence when large amounts of any 
unfixed brain or spinal cord substances are subject to homogenisation or disruption 
this work must be done under category BI conditions and not in the general 
laboratory.
The DHSS report [1978] recommended special containment for all category BI 
material which should not be handled in the laboratory along with other samples. 
Initial sample preparation procedures are undertaken in a specially designed perspex 
box, with a separate air extraction system, (henceforth referred to as the biological 
box) containing all weighing apparatus, pipettes, digestion reagents and storage 
containers. The operator handles all CSF samples through the use of two sealed 
gloves. After transfer of the CSF to digestion vessels, addition of acid and sealing of 
the solution, microwave or water bath digestion is carried out in a wash-down fume 
hood. All containers which have been in contact with undigested CSF, including 
pipette tips, are washed overnight in 10 percent hypochlorite solution before disposal.
Section A 1.2 is the general system of work written for use within the Chemistry 
Department at the University of Surrey. The system of work covers the ample 
preparation of biological fluids prior to analysis by ICP-MS.
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A1.2 Document for System of Work in Operation in the Chemistry 
Department of the University of Surrey
GENERAL SYSTEM OF WORK FOR INDUCTIVELY COUPLED PLASMA- 
MASS SPECTROMETER (ICP-MS)
NOTES:
(i) The methods outlined in this system of work are for use with biological material: 
category C blood serum (method A); all CSF samples Category B1 (method B) and 
any potentially infected blood serum (method B). ANY OTHER MATERIALS MUST 
BE SEPARATELY RISK ASSESSED.
Supervisor in charge :- Dr. N.I. Ward
Location :- 23 AZ 20 (Main laboratory for sample storage); 22 AZ 20 (location 
fume hood).
Times work will proceed :- 9.00 am to 5.30 am. and outside of these hours 
provided normal late working procedures are in operation.
Hazards
Atomic Absorption standards : Some may be harmful if ingested in quantity
(e.g. Pb, Cd)
Sample solutions : Some may cause severe bums, be oxidising
agents and be harmful by ingestion (e.g. conc. 
nitric acid, conc. perchloric acid and conc. 
sodium hydroxide)
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Protective Equipment Laboratory coats and Safety glasses must be worn at all 
times.
General Procedures Only digested biological samples should be used in the
instrument.
Blood serum non-infected use METHOD A 
Blood serum potentially infected use METHOD B 
Cerebrospinal Fluid use METHOD B 
Methods are outlined at the end of this section
Control Measures The fume extraction unit must be in use for all toxic elements 
being analyzed.
Disposal of Waste Digested Samples and Spillages Small spillages ( <  20 ml) 
should be diluted and then run to waste with excess water. Large spillages should be 
neutralised (citric acid for alkalis, sodium carbonate for acids) where the strength of 
the solution is >  0.5 M before disposal as above. RUBBER GLOVES must be worn 
during this operation.
DIGESTED samples which are going to waste should be neutralised and run to waste 
with excess water. Similar treatment should be carried out with respect to the 
containers.
Fire Procedures as normal 
First Aid Procedures as normal
Failure of Services Turn of argon at the cylinder, turn off instrument.
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Personnel Involved
All PERSONS using the ICP-MS must sign to acknowledge receipt of safety 
assessment.
The assessment MUST be displayed at all times next to the ICP-MS.
METHODS FOR SAFE HANDLING OF BIOLOGICAL SAMPLES PRIOR TO 
DIGESTION
IMPORTANT: BIOLOGICAL WORK SHOULD NOT BE UNDERTAKEN 
UNLESS THE WORKER IS AWARE OF THE HAZARDS INVOLVED WITH 
THEIR SPECIMENS, THE PRECAUTIONS NECESSARY IN THE SAMPLE 
TREATMENT AND THE REQUIREMENTS NECESSARY FOR THE 
CONTAINMENT OF A SPILL AND SAMPLE WASTE DISPOSAL.
IF IN DOUBT CONSULT SUPERVISOR OR DHSS PUBLICATION:
Code of practice for the prevention of infection in clinical laboratories and 
post-mortem rooms
Chairman Sir James Howie (HOWIE REPORT).
General Good Laboratory Practice for routine work:
1. To prevent splashes and aerosols, good microbiological technique must be 
observed. Potentially infected fluids, including blood must be pipetted carefully, not 
poured. Mouth pipetting must be forbidden.
2. Pipette tips must be discarded and completely submerged in hypochlorite (2.5 
percent Chloros), or some other disinfectant at least overnight before disposal. The 
disinfectant may then be emptied down the sink and the solid matter must be 
autoclaved and disposed of as non-infected waste or placed in Infected Waste
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containers and incinerated. Uncapped tubes or bottles must not be placed in these 
containers.
3. Discarded specimen tubes containing blood clots, etc. must be put into suitable 
leak-proof containers (with caps replaced) for autoclaving and/or incineration. 
Uncapped tubes or bottles must not be placed in these containers.
4. Hypochlorite (10 percent Chloros) freshly prepared daily must be provided for 
dealing with splashes and spills of biological fluids.
Category BI and B2 specimens - General Safety
1. The instructions above must be observed
2. Category BI samples should be processed singly or in batches separate from other 
specimens.
3. Disposable gloves must be worn (this is advised for routine sample handling in all 
cases). Vizors must be worn and staff encouraged to wear them.
4. Centrifuge tubes must be capped and centrifuged in sealed centrifuge buckets.
THE FOLLOWING METHODS HAVE BEEN DEVISED TO COMPLY WITH THE 
SAFETY REGULATIONS OUTLINED IN THE HOWIE REPORT. HOWEVER 
WITH REGARD TO CATEGORY C MATERIAL THE SAFEGUARDS ARE 
MORE STRINGENT AS THE WORK IS TO BE CARRIED OUT IN A GENERAL 
LABORATORY.
METHOD A
For use with non-infected blood serum samples - Category C.
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1. Disinfectant solution must be made up before commencing this work for both 
pipette tips and spillages.
2. Notice must be placed on the fume hood that biological work is being undertaken 
and no other persons may carry out work in the fume hood without first checking for 
safety with biological worker.
3. Gloves must be worn when handling samples, once biological work has begun in 
the fume hood gloves should be removed and placed in waste for autoclaving before 
worker enters the main laboratory. A clean pair is then needed for subsequent work.
4. Samples must be taken from the freezers (23 AZ 20) to the fume hood (22 AZ 20) 
on a tray, with the samples arranged in racks in an upright position.
5. Samples must be kept on the tray during all subsequent manipulations such that any 
spillage can be satisfactorily contained and cleaned up.
6. All sample pipetting should be carried out in the fume hood and pipette tips 
disposed of in disinfectant as noted above. Empty sample containers should be 
recapped and placed in an autoclave bag.
7. All samples should be digested with acid before they are removed from the fume 
hood.
8. Once the experiment is completed all reusable equipment should be washed in 
disinfectant and not left in place in the fume hood. Any tissues used in this procedure 
should be placed in an autoclave bag.
9. After overnight soaking in disinfectant pipette tips may be placed into an autoclave 
bag after disinfectant has been removed.
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METHOD B
For use with category BI and B2 material i.e. all CSF and potentially infected blood 
serum.
1. Disinfectant solution must made up before commencing this work for both pipette 
tips and spillages.
2. Notice must be placed in the fume hood that biological work is being undertaken 
and no other person may carry out work in the fume hood without first checking for 
safety with biological worker.
3. Gloves must be worn when handling samples. Once biological handling has begun 
in the fume hood gloves should be removed and placed in waste for autoclaving 
before worker enters the main laboratory. A clean pair is then needed for subsequent 
work.
4. Samples must be taken from the freezers (22 AZ 20) to the fume hood (22 AZ 20) 
on a tray, with the samples arranged in racks in an upright position.
5. Samples must be placed on a tray into the biological box. All sample manipulations 
before digestion will be carried out in this box.
6. Samples must be kept on the tray in the box during all subsequent manipulations 
such that any spillages can be satisfactorily contained and cleaned up. Sodium 
hydrogen carbonate must be used for acid spills and disinfectant for biological spills 
- both must be available in the box before the experiment commences.
7. All sample pipetting should be carried out in the biological box and pipette tips 
disposed of in disinfectant as noted above. Empty sample containers should be 
recapped and placed in autoclave bag, contained inside the biological box.
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8. Once acid has been added to the samples they may be removed from the box but 
must remain within the fume hood until digestion is completed.
9. Once the experiment is completed all reusable equipment should be washed in 
disinfectant and the biological box should be washed with disinfectant. Any tissues 
used in this procedure should be placed in the autoclave bag.
10. After overnight soaking in disinfectant pipette tips may be placed into the 
autoclave bag after disinfectant has been removed.
NOTE Should homogenisation and centrifugation of the samples be required, care 
must be taken that they are properly contained to prevent spillage and human contact.
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Declaration
This form is to the best of my knowledge an accurate statement of known and 
foreseeable risks and of the safety precautions which are to be followed.
Signed Supervisor
Date
I have read and understood the procedures and safety precautions underlined in this 
form.
Signed Student
Date
I acknowledge receipt of this form
Signed Departmental Safety Officer
Date
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A 2 , ; C a I c u l a t i o n  P r o c e d u r e  U s i n g  E x t e r n a l  a n d  I n t e r n a l  S t a n d a r d s
The data are collected by a multi-channel scaler at the end of each analysis, 
transmitted to a personal computer and stored on a disk file for further analysis. The 
data were then processed using an in-house programme written in Fortran 77 called 
NEWPQ [Abou-Shakra, 1991] and a spreadsheet package. First the blank subtracted 
intensities of the analytes were calculated either with drift correction or with internal 
standardisation. Depending on the choice of calculation, the intensities of the analytes 
were divided by either the corresponding external standard (calculated based on the 
assumption that the drift between consecutive external standards is linear) or internal 
standard intensities before the blank subtraction is carried out. The net intensities 
were then transformed into concentrations by normalising to the intensities of the 
multi-element standard. This is summarized by the following equation:
u =  D x S x[(Cu - Crb)/(CS - Csb)]
where, u =  analyte concentration;
D =  dilution factor;
S =  analyte concentration in multi-element standard;
Cu =  corrected counts for analyte =  analyte counts/IS or ES counts 
for the analyte;
Crb =  corrected counts for reagent blank =  reagent blank counts/IS or 
ES counts for the reagent blank;
Cs =  corrected counts for standard = analyte counts in ES/IS or ES 
for the standard;
Csb =  corrected counts for the standard blank =  standard blank counts 
/IS or ES for the standard blank;
IS =  internal standard counts added into each sample, standard and 
blank;
ES =  external standard ran at intervals throughout the analysis. 
Where no drift calculation is being carried out then the counts of the analyte, reagent 
blank, standard and standard blank are used without correction by IS and ES.
2 0 0
References
Abou-Shakra, F .R ., (1991) The Determination of Lithium and Other Trace Elements 
in Blood Serum by ICP-MS. Ph.D . Dissertation, University of Surrey, Guildford, 
Surrey, UK.
Abou-Shakra, F.R ., J.M. Havercroft and N .I. Ward (1989) Lithium and Boron in 
Biological Tissues and Fluids. Trace Elements in Medicine, 6(4): 142-146.
Abou-Shakra, F.R ., J. Thompson and N.I. Ward (1992) System Optimisation for the 
Multi-element Analysis of Biological Materials by Inductively Coupled Plasma Mass 
Spectrometry. Anal Proc. 29:279-280.
Abou-Shakra, F.R. and N.I. Ward (1993) Blood Serum Selenium Content of UK and 
Finnish Individuals. Eighth International Symposium on Trace Elements in Man and 
Animals TEMA-8. May 16^-21st , Dresden Germany Abstract 57P.
Agarwal, R.P. and R.L Henkin (1982) Zinc and Copper in Human Cerebrospinal 
Fluid. Biological Trace Element Research 4:117-124.
Allain, P., Y. Mauras, C. Douge, L. Jaunault, T. Delaporte and C. Beaugrand 
(1990) Determination of Iodine and Bromine in Plasma and Urine by Inductively 
Coupled Plasma Mass Spectrometry. Analyst 115:813-815.
Analytical Methods Committee (1987) Recommendations for the Definition, 
Estimation and Use of the Detection Limit. Analyst 112:199-204.
Bauer E.L., (1971) A Statistical Manual fo r  Chemists, Second Edition, Academic 
Press Inc., New York and London.
Baumann, H. (1990) Rapid and Sensitive Determination of Iodine in Fresh Milk and 
Milk Powder by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). Fresenius 
Z. Anal. Chem. 338:809-812.
Beauchemin, D ., J.W. McLaren and S.S. Berman (1987a) Study of the Effects of 
Concomitant Elements in Inductively Coupled Plasma Mass Spectrometry. 
Spectrochimica Acta. 42R(3):467-490.
Beauchemin, D ., J.W. McLaren and S.S. Berman (1988) Use of External Calibration 
for the Determination of Trace Metals in Biological Materials by Inductively Coupled 
Plasma Mass Spectrometry. J. Anal At. Spectrom., 3:775-780.
Beauchemin, D ., J.W. McLaren, A.P. Mykytiuk and S.S. Berman (1987b) 
Determination of Trace Metals in a River Water Reference Material by Inductively 
Coupled Plasma Mass Spectrometry. Anal. Chem. 59:778-783.
Beauchemin, D ., J.W. M°Laren, S.N. Willie and S.S. Berman (1989) Determination 
of Trace Metals in Marine Biological Reference Materials by Inductively Coupled 
Plasma Mass Spectrometry. A nal Chem. 60(7):687-691.
2 0 2
Bogden, J.D ., A. Troiano and M.M. Joselow (1977) Copper, Zinc, Magnesium and 
Calcium in Plasma and Cerebrospinal Fluid of Patients with Neurological Diseases. 
Clinical Chemistry 23(3):485-489.
Boumans, P.W .J.M . and F.J. De Boer (1976) Studies of a Radio Frequency 
Inductively Coupled Plasma for Optical Emission Spectrometry-III. Interference 
Effects under Compromise Conditions for Simultaneous Multi-Element Analysis. 
Spectrochimica Acta 31B:355-375.
Bourrier-Guerin, L., Y. Mauras, J.L. Truelle and P. Allain (1985) CSF and Plasma 
Concentrations of 13 Elements in Various Neurological Disorders. Trace Elements 
in Medicine 2(2): 88-91.
Brotherton, T .J., W.L. Shen and J.A. Caruso (1989) Use of the Hildebrand Grid 
Nebuliser for Analysis of High Matrix Solutions Containing Easily Ionisable Elements 
with Inductively Coupled Plasma Mass Spectrometry. J. Anal. At. Spectrom. 4:39-44.
Burguera, J.L ., M. Burguera and O.M. Alarcon (1986) Determination of Sodium, 
Potassium, Calcium, Magnesium, Iron, Copper and Zinc in Cerebrospinal Fluid by 
Flow Injection Atomic Absorption Spectrometry, J. Anal. At. Spectrom. 1:79-83.
Cho, T ., I. Akabane and Y. Murakami (1989) A Basic Study on the Application of 
Tetramethyl Ammonium Hydroxide (TMAH) Alkaline Digestion for the 
Determination of some Volatile Elements by ICP-MS. In: Plasma Source Mass 
Spectrometry Ed., K.E. Jarvis, A.L. Gray, I. Jarvis and J. Williams. Pub. Royal Soc. 
Chem., Cambridge pp 94-119.
Cohen, H., (1927) The Magnesium Content of the Cerebro-Spinal and Other Body 
Fluids. Quarterly Journal o f  Medicine 20:173-186.
Colodner, D .C ., E.A. Boyle and J.M. Edmond (1993) Determination of Rhenium and 
Platinum in Natural Waters and Sediments, and Iridium in Sediments by Flow 
Injection Isotope Dilution Inductively Coupled Plasma Mass Spectrometry. Anal. 
Chem. 65:1419-1425.
Cotzias, G.C., S.T. Miller, P.S. Papavasiliou and L.C. Tang (1976) Interactions 
between Manganese and Brain Dopamine. Med. Clin. North Amer. 60:729-738.
Cotzias, G.C. and P.S. Papavasiliou (1962) State of Binding of Natural Manganese 
in Human Cerebrospinal Fluid, Blood and Plasma. Nature 195(4843):823-824.
Cotzias, G.C., P.S. Papavasiliou, I. Mena, L.C. Tang and S.T. Miller (1974) 
Manganese and Catecholamines. In: F. McDowell and A. Barbeau (Ed.s) Advances 
in Neurology 5:235-243.
Crain, J.S., R.S. Houk and F.G. Smith (1988) Matrix Interferences in Inductively 
Coupled Mass Spectrometry: Some Effects of Skimmer Orifice Diameter and Ion 
Lens Voltages. Spectrochimica Acta 43B:1355.
2 0 3
Crain, J.S ., F.G. Smith and R.S. Houk (1990) Mass Spectrometric Measurement of 
Ionization Temperature in an Inductively Coupled Plasma. Spectrochimica Acta 
45B (3):249-259.
Crapper, D.R., S.S. Krishnan and S. Quittkat (1976) Aluminium, Neurofibrillary 
Degeneration and Alzheimer’s Disease. Brain 99:67-80.
Csenker, E., P. Dioszeghy, I. Fekete and F. Mechler (1982) Ion Concentrations in 
Serum and Cerebrospinal Fluid of Patients with Neuromuscular Diseases. Arch. 
Pshchiatr. Nervenkr 231:251-258.
D ’Amico, D .J., H.L. Klawans (1976) Direct Microdetermination of Manganese in 
Normal Serum and Cerebrospinal Fluid by Flameless Atomic Absorption 
Spectrophotometry . Anal. Chem. 48(11): 1469-1472.
Date, A.R. (1983) An Introduction to Inductively Coupled Plasma Source Mass 
Spectrometry. Trends in Anal. Chem. 2:225-230.
Date, A .R., Y.Y. Cheung and M.E. Stuart (1987) The Influence of Polyatomic 
Interferences in Analysis by Inductively Coupled Plasma Source Mass Spectrometry 
(ICP-MS). Spectrochimica Acta. 42B:3-20.
Decker, C .F., A. Aras and L.E. Decker (1964) Determination of Magnesium and 
Calcium in Cerebrospinal Fluid by Atomic Absorption Spectroscopy. Anal. Biochem. 
8:344-348.
Delaney, J.F ., (1979) Spinal Fluid Aluminium Levels in Patients with Alzheimer 
Disease. Ann. Neurol. 5:580-581.
Delves, H .T., (1988) Biomedical Applications of ICP-MS. Chemistry in Britain pp. 
1009-1014.
Delves, H.T. and M.J. Campbell (1988) Measurements of Total Lead Concentrations 
and Lead Isotope Ratios in Whole Blood by Use of Inductively Coupled Plasma 
Source Mass Spectrometry. J. Anal. At. Spectrom. 3:343-348.
DHSS Report (1978) Code o f Practice fo r  the Prevention o f Infection in Clinical 
Laboratories and Post-Mortem Rooms. Chairman Sir James Howie.
Douglas, D.J. and J.B. French (1986) An Improved Interface for ICP-MS. 
Spectrochimica. Acta. 41b: 197-204.
Douglas, D.J. and L.A. Kerr (1988) Study of Solids Deposition on Inductively 
Coupled Plasma Mass Spectrometry Samplers and Skimmers. J. Anal. Atomic 
Spectrom. 3:749-752.
Dreosti I.E. and Smith R.M. (Eds.) Neurobiology o f  the Trace Elements Vol.l Trace 
Element Neurobiology and Deficiencies Humana Press (Pub.), Clifton, NJ
2 0 4
Durrant, S.F. and N.I. Ward (1989) Multi-elemental Analysis of Human Milk by 
Inductively Coupled Plasma-Source Mass Spectrometry: Implications for Infant 
Health. J. Micronutrient Anal. 5:111-126.
Ebdon, L ., A. Fisher, H. Handley and P. Jones (1993a) Determination of Trace 
Metals in Concentrated Brines Using Inductively Coupled Plasma Mass Spectrometry 
On-line Preconcnetration and Matrix Elimination With Flow Injection. J. Anal. At. 
Spectrom. 8:979-981.
Ebdon, L ., A.S. Fisher, P.J. Worsfold, H. Crews and M. Baxter (1993b) On-line 
Removal of Interferences in the Analysis of Biological Materials by Flow Injection 
Inductively Coupled Plasma Mass Spectrometry. J. Anal. At. Spectrom. 8:691-695.
El-Yazigi, A ., I. Al-Saleh and O. Al-Lefty (1984) Concentrations of Ag, Al, Au, Cd, 
Cu, Pb, Sb and Se in Cerebrospinal Fluid of Patients with Cerebral Neoplasms. Clin. 
Chem. 30(8): 1358-1360.
El-Yazigi, A ., I. Al-Saleh and O. Al-Lefty (1986) Concentrations of Zinc, Iron, 
Molybdenum, Arsenic, and Lithium in Cerebrospinal Fluid of Patients with Brain 
Tumors. Clin. Chem. 32(12):2187-2190.
El-Yazigi, A., I. Kanaan and D.A. Raines (1992) Cerebrospinal Fluid Magnesium, 
Rubidium and Vanadium im Brain Neoplasm, Nonneoplastic Neurological Diseases, 
and Leukemia or Other Tumors. Trace Elements in Medicine 9:183-189.
El-Yazigi, A., C.R. Martin and E.B. Siqueira (1988) Concentrations of Chromium, 
Cesium, and Tin in Cerebrospinal Fluid of Patients with Brain Neoplasms, Leukemia 
or Other Noncerebral Malignancies, and Neurological Diseases. Clin. Chem. 
34(6): 1084-1086.
Evans, E .H . and J.J. Giglio (1993) Interferences in Inductively Coupled Plasma Mass
Spectrometry A Review. J. Anal. At. Spectrom. 8:1-18.
Fassett, J. D. and P.J. Paulsen (1989) Isotope Dilution Mass Spectrometry for 
Accurate Elemental Analysis. Anal. Chem. 61(10):643A-649A.
Fell, G.S. and D.T.B. Lyon (1986) Is There a Need for Simultaneous Multi-element 
Analytical Techniques in Clinical Chemistry? In: Essential and Toxic Trace Elements 
in Human Health and Disease, A.S. Prasad (Ed.), Alan R. Liss (Pub.) pp 521-532.
Finnigan Mat (1991) Sola Performance Specification, Hemel Hempstead, UK.
Flexner, L.B. (1938) Changes in the Chemistry and Nature of Cerebrospinal Fluid 
during Fetal Life in the Pig. Am. J. Physiol. 124:131-135.
Friel, J.K ., C.S. Skinner, S.E. Jackson and H.P. Longerieh (1990) Analysis of
Biological Reference Materials, Prepared by Microwave Dissolution, Using 
Inductively Coupled Plasma Mass Spectrometry. Analyst 115:269-273.
2 0 5
Gillson, G.R., D J . Douglas, J.E. Fulford, K.W. Halligan and S.D. Tanner (1988) 
Nonspectroscopic Interelement Interfernces in Inductively Coupled Plasma Mass 
Spectrometry. Anal. Chem. 60:1472-1474.
Glickman, L.S., V. Schenker, S. Gronlick, A. Green and A. Schenker (1962) 
Cerebrospinal Fluid Cation Levels in Delerium Tremens with Special Reference to 
Magnesium. J. Nervous Mental Disease 134:410-414.
Gooddy, W., E.H. Burrows, J. Thompson, N.I. Ward and T.R. Williams (1992) 
Multi-element Relationships and Analysis of Cerebrospinal Fluid in Unsolved 
Problems of Human Diseases. Trace Elements in Medicine 9:1-6.
Gooddy, W ., E.I. Hamilton and T.R. Williams (1975) Spark-Source Mass 
Spectrometry in the Investigation of Neurological Disease, 2. Element Levels in 
Brain, Cerebrospinal Fluid and Blood: some observations on their abundance and 
significance. Brain 98:65-70.
Gooddy, W., T.R. Williams and D. Nicholas (1974) Spark-Source Mass 
Spectrometry in the Investigation of Neurological Disease, 1. Multi-element Analysis 
in Blood and Cerebrospinal Fluid. Brain 97:327-336.
Gordon, J. (1988) Resolving Mass Spectrometry Problems. Fisons Elemental, 
Winsford, Cheshire, UK.
Gray, A.L. and A.R. Date (1983) Inductively Coupled Plasma Source Mass 
Spectrometry Using Continuum Flow Ion Extraction. Analyst 108:1033-1050.
Gray, A.L. (1985) The ICP as an Ion Source - Origins, Achievements and Prospects. 
Spectrochimica Acta 40B: 1525-1537.
Gray, A.L. (1986) Mass Spectrometry with an Inductively Coupled Plasma as an Ion 
Source: The Influence on Ultratrace Analysis of Background and Matrix Response. 
Spectrochimica Acta 416:151-167.
Gray A.L. (1989) The Origin, Realization and Performance of ICP-MS Systems. In: 
Applications o f  Inductively Coupled Plasma Mass Spectrometry A.R. Date and A.L. 
Gray (Eds.) Blackie Glasgow and London (Pub.) pp 24-26.
Gray A.L. and J.G. Williams (1986) Interferences from Polyatomic Ions in ICP-MS 
Analysis of Acid Matrices. Poster presented at The Royal Society of Chemistry 
Annual Chemical Congress.
Gray, A.L. and J.G. Williams (1987) System Optimisation and the Effect on 
Polyatomic, Oxide and Doubly Charged Ion Response of a Commercial Inductively 
Coupled Plasma Mass Spectrometry Instrument. J. Anal. At. Spectrom.. 2:599-606.
Gregoire, D.G. (1987) The Effect of Easily Ionizable Concomitant Elements on Non- 
spectroscopic Interfernces in Inductively Coupled Plasma-Mass Spectrometry.
2 0 6
Halls, D.J. and G.S. Fell (1988) Faster Determination of Chromium in Urine by 
Electrothermal Atomisation Atomic Stectrometry. J. Anal Atomic Spectrom. 3:105- 
109.
Havercroft, J.M. and N.I. Ward (1991) Boron and Other Elements in Relation to 
Rheumatoid Arthritis. In: Trace Elements in Man and Animals 7, B. Momcilovic 
(Ed.), IMI (Pub.) pp 8-2 to 8-3.
Hershey, C.O., L.A. Hershey, A. Vames, S.D. Vibhakar, P. Lavin and W.H. Strain 
(1983) Cerebrospinal Fluid Trace Element Content in Dementia: Clinical, Radiologic 
and Pathologic Correlations. Neurology 33:1350-1353.
Hershey, L.A., C.O. Hershey and A.W. Vames (1984) CSF Silicon in Dementia: A 
Prospective Study. Neurology 34:1197-1201.
Hill, S.J., M.J. Bloxham and P.J. Worsfold (1993) Chromatography Coupled With 
Inductively Coupled Plasma Atomic Emission Spectrometry and Inductively Coupled 
Plasma Mass Spectrometry A Review. J. Anal. At. Spectrom. 8:499-515.
Horlick, G., S.H. Tan, M.A. Vaughan and C.A. Rose (1985) The Effect of Plasma 
Operating Parameters on Analyte Signals in Inductively Coupled Plasma-Mass 
Spectrometry. Spectrochimica Acta. 40B: 1555-1572.
Houk, R.S. (1986) Mass Spectrometry of Inductively Coupled Plasmas. Anal. Chem. 
58(1):97A-105A.
Houk, R.S. and S.J. Jiang (1991) Inductively Coupled Plasma-Mass Spectrometry for 
Element Selective Detection in Liquid Chromatography. In: Trace Metal Analysis and 
Speciation Journal o f  Chromatography Library Series, vol. 47. I.S. Krull (Ed.) 
Elsevier Science Amsterdam (Pub.) pp 101-122.
Houk, R.S., V.A. Fassel and H.J. Svec (1981a) ICP-MS: Sample Introduction, 
Ionisation, Ion Extraction and Analytical Results. In: Dynamic Mass Spectrometry 6th 
Edition., D.Price and J.F.J. Todd (Ed’s). Haydon (Pub.), London pp. 234-251.
Houk, R.S., H.J. Svec and V.A. Fassel (1981b) Mass Spectometric Evidence for 
Suprathermal Ionisation in an ICP. Appl. Spectros. 35:380-384.
Spectrochimica Acta. 42B(7):895-907.
Houk R.S. and J.J. Thompson (1988) Inductively Coupled Plasma Mass 
Spectrometry. Mass Spectrometry Reviews 7:425-461.
Hunter, G ., (1959) Micro-determination of Calcium and Magnesium in Blood Serum 
and Cerebrospinal Fluid. Analyst 84:24-28.
Hunter, G. and H. V. Smith (1960) Calcium and Magnesium in Human Cerebrospinal
2 0 7
Fluid. Nature 186(4719): 161-162.
Iyengar, G.V. (1989) Elemental Analysis o f Biological Systems VolumeL Biomedical, 
Environmental, Compositional and Methodological Aspects o f Trace Elements, CRC 
Press (Pub.), Florida
Iyengar, G.V., W.E. Kollmer and H.J.M. Bowen (1978) The Elemental Composition 
o f Human Tissues and Body Fluids. A Compilation o f Values fo r  Adults. Verlag 
Chemie, Weinheim.
Janghorbani, M., T.A. Davis and B.T.G. Ting (1988) Measurement of Stable 
Isotopes of Bromine in Biological Fluids with Inductively Coupled Plasma Mass 
Spectrometry. Analyst 113:405-411.
Janghorbani, M. and B.T.G. Ting (1989) Comparison of Pneumatic Nebulization and 
Hydride Generation Inductively Coupled Plasma Mass Spectrometry for Isotopic 
Analysis of Serum. Anal. Chem.. 61:701-708.
Janghorbani, M., B.T.G. Ting and N.E. Lynch (1989) Inductively Coupled Plasma 
Mass Spectrometry for Stable Isotope Tracer Investigations. Mikrochim. Acta. 3:315- 
328.
Jiang, S.J., R.S. Houk and M.A. Stevens (1987) Alleviation of Overlap Interferences 
for Determination of Potassium Isotope Ratios by Inductively Coupled Plasma Mass 
Spectrometry. Anal. Chem. 60:1217-1221.
Johansson, E. and T. Liljefors (1991) Heavy Elements in Root Tips from Teeth with 
Amalgam Fillings. In: Trace Elements in Man and Animals 7, B. Momcilovic (Ed.), 
IMI (Pub.) pp 11-18 to 11-20.
Johansson, E. and T. Liljefors (1993) Elemental Screening of Biological Samples by 
ICP-MS using Single Standard Technique. Eighth International Symposium on Trace 
Elements in Man and Animals TEMA-8. May Dresden Germany Abstract
21P.
Kanabrocki, E.L., L.F. Case, E.B. Miller, E. Kaplan and Y.T. Oester (1964) A 
Study of Human Cerebrospinal Fluid: Copper and Manganese. Journal o f Nuclear 
Medicine 5:643-648.
Kapaki, E., J. Segditsa and C. Papageorgiou (1989a) Zinc, Copper and Magnesium 
Concentration in Serum and CSF of Patients with Neurological Disorders. Acta. 
Neurol. Scand. 79:373-378.
Kapaki, E., J. Segditsa, C.H. Zournas, D, Xenos and C. Papageorgiou (1989b) 
Determination of Cerebrospinal Fluid and Serum Lead Levels in Patients with 
Amyotrophic Lateral Sclerosis and Other Neurological Diseases. Experimentia 
45:1108-1110.
2 0 8
Kawaguchi, H., (1988) Inductively Coupled Plasma Mass Spectrometry A Review. 
Anal Sciences 4:339-345.
Kawaguchi H., T. Tanaka, T. Nakamura, M. Morishita and A. Mizuike (1987) 
Matrix Effects in Inductively Coupled Plasma Mass Spectometry. Anal. Sciences 
3:305-308.
Kim, Y-S., H. Kawaguchi, T. Tanaka and A. Mizuike (1990) Non-Spectroscopic 
Matrix Interfernces in Inductively Coupled Plasma-Mass Spectrometry. 
Spectrochimica Acta. 42B(3):333-339.
Kjellin, K ., (1963) Determination of Copper in Cerebrospinal Fluid by Activation 
Analysis. J. Neurochemistry 10:89-93.
Kjellin, K.G., (1964) Determination of Sub-Microgram Quantities of Copper in 
Biological Material by Activation Analysis. International Journal o f Applied Radiation 
and Isotopes 15:461-468.
Kjellin, K .G ., (1966a) Activation Analysis o f  Trace Elements in Nervous Tissues and 
the Cerebrospinal Fluid. Variation in Chemical Composition o f the Nervous System 
as Determined by Developmental and Genetic Factors Pergamon Press:Oxford and 
New York.
Kjellin, K.G., (1966b) Determination of the Iron Content in the Cerebrospinal Fluid. 
J. Neurochemistry 13:413-421.
Kjellin, K.G., (1967) The CSF Iron in Patients with Neurological Diseases. Acta 
Neurol Scandinav. 43:299-313.
Kjellin, K.G., (1968) Trace Elements in the Cerebrospinal Fluid. PhD Dissertation 
Dept, of Neurology, Karolinska Sjukhuset, Stockholm 60,1-22.
Kjellin, K.G., (1981) Trace Elements in the Cerebrospinal Fluid in Neurological 
Diseases. Clinical Toxicology 18(11): 1237-1245.
Kurlander, H.M. and B.M. Patten (1980) Metals in Spinal Cord Tissue of Patients 
Dying of Motor Neurone Disease. Ann. Neurol 6:21-24.
Lam, J.W.H. and G. Horlick (1990) Effects of Sampler-Skimmer Separation in 
Inductively Coupled Plasma-Mass Spectrometry. Spectrochimica Acta 45B(12):1327- 
1338.
Lapatto, R., M. Hyvonen-Dabek, J.T. Dabek and J. Raisanen (1988) Trace Element 
Studies on Whole Cerebrospinal Fluid with External Beam PIXE. Journal Trace 
Element Electrolytes Health Disease 2:171-174.
Larsen, E.H ., G. Pritzl and S.H. Hansen (1993) Speciation of Eight Arsenic 
Compounds in Human Urine by High Performance Liquid Chromatography With
2 0 9
Inductively Coupled Plasma Mass Spectrometric Detection Using Antimonate for 
Internal Chromatographic Standardization. 7. Anal. At. Spectrom. 8:557-563.
Lehmann, H.E. and V.A. Krai (1952) Further Studies on the Iron Content of 
Cerebrospinal Fluid in Psychoses. Arch. Neurol. Psychiatr. 68:321-328.
Lipcsey, A., M. Ordogh, J. Fekete and E. Szabo (1985) Application of Neutron 
Activation Analysis and Spectophotometry for the Dtermination of Copper Level in 
Sera and Cerebrospinal Fluids of Schizophrenic Patients. Journal o f  Radioanalytical 
and Nuclear Chemistiy Articles 88(l):57-62.
Lichte, F .E ., A.L. Meier and J.G. Crock (1987) Determination of the Rare-Earth 
Elements in Geological Materials by Inductively Coupled Plasma Mass Spectrometry. 
Anal. Chem. 59:1150-1157.
Long, S.E. and R.M. Brown (1986) Optimisation in Inductively Coupled Plasma 
Mass Spectrometry. Analyst 111:901-906.
Longerich, H .P., B.J. Fryer, D .F. Strong and C.J. Kantipuly (1987) Effects of 
Operating Conditions on the Determination of the Rare Earth Elements by Inductively 
Coupled Plasma-Mass Spectrometry (ICP-MS). Spectrochimica Acta 42B:75-92.
Lyon T.D.B., G.S. Fell, D.J. Halls, J. Clark and F. M°Kenna (1989) Determination 
of Nine Inorganic Elements in Human Autopsy Tissue. J. Trace Elem. Electrolytes 
and Disease, 3:109-118.
Lyon, T.D.B., G.S. Fell, R.C. Hutton and A.N. Eaton (1988a) Evaluation of 
Inductively Coupled Argon Plasma Mass Spectrometry (ICP-MS) for Simultaneous 
Multi-element Trace Analysis in Clinical Chemistry. J. Anal. At. Spectrom., 3:265- 
271.
Lyon, T.D.B., G.S. Fell, R.C. Hutton and A.N. Eaton (1988b) Elimination of 
Chloride Interference on the Determination of Selenium by Inductively Coupled 
Plasma Mass Spectrometry. J. Anal. At. Spectrom. 3:601-603.
Madera-Orsini, F ., A.O. Jibril and F.I. Volini (1976) Trace Elements in 
Cerebrospinal Fluid. Clin. Chem. 22(7): 1210-1211.
Mazzucotelli, A., M. Galli, E. Benassi, C. Loeb, G.A. Ottonello and P. Tanganelli 
(1978) Atomic-absorption Microdetermination of Zinc in Cerebrospinal Fluid by 
Ion-exchange Chromatography and Electrothermal Atomisation. Analyst 103:863-865.
McCall, J.T ., N.P. Goldstein and L.H. Smith (1971) Implications of Trace Metals in 
Human Diseases. Federation Proceedings 30(3): 1011-1015.
McGahan, M.C. and L.Z. Bito (1983) Determination of Copper Concentration in 
Blood Plasma and in Ocular and Cerebrospinal Fluids using Graphite Furnace Atomic
2 1 0
McLaren, J.W ., D. Beauchemin and S.S. Berman (1987a) Application of Isotope 
Dilution Inductively Coupled Plasma Mass Spectrometry to the Analysis of Marine 
Sediments. Anal. Chem. 59:610-613.
McLaren, J.W ., D. Beauchemin and S.S. Berman (1987b) Determination of Trace 
Metals in Marine Sediments by Inductively Coupled Plasma Mass Spectrometry. J. 
Anal. At. Spectrom. 2:277-281.
McLaren, J.W ., J.W.H. Lam, S.S. Berman, K. Akatsukaand M.A. Azeredo (1993) 
On-line Method for the Analysis of Sea-water for Trace Elements by Inductively 
Coupled Plasma Mass Spectrometry. J. Anal. At. Spectrom. 8:279-286.
M°Laren, J.W ., A.P. Mykytiuk, S.N. Willie and S.S. Berman (1985) Determination 
of Trace Metals in Seawater by Inductively Coupled Plasma Mass Spectrometry with 
Preconcentration on Silica-Immobilized 8-Hydroxyquinoline. Anal. Chem. 57:2907- 
2911.
Mena, I., O. Marin, S. Fuerzalida and G.C. Cotzias (1967) Chronic Manganese 
Poisoning - Clinical Picture and Manganese Turnover. Neurology 17:128-136.
Meret, S. and R.I. Henkin (1971) Simultaneous Direct Estimation by Atomic 
Absorption Spectrophotometry of Copper and Zinc in Serum, Urine and 
Cerebrospinal Fluid. Clin. Chem. 17(5):369-373.
Miller, J.N ., (1991) Basic Statistical Methods for Analytical Chemistry Part 2. 
Calibration and Regression Methods A Review. Analyst 116:3-14.
Miller, J.C. and J.N. Miller (1988) Basic Statistical Methods for Analytical 
Chemistry Part 1. Statistics of Repeated Measurements A Review. Analyst 113:1351- 
1356.
Mitchell, J.D ., I.A. Harris, B.W. East and B. Pentland (1984) Trace Elements in 
Cerebrospinal Fluid in Motor Neurone Disease. B.M.J. 288:1791-1792.
Montaser, A. and D.W. Golightly (1992) (Ed’s.) Inductively Coupled Plasmas in 
Analytical Atomic Spectrometry. Second Edition. VCH Publishers Inc., Cambridge, 
UK.
Montoya-Cabrera, M .A., G. Lopez-Martin, A. Ruiz-Gomez, A.V. Juarez-Malacara,
O. Falcon-Diaz and L.L. Polanco-Jaime (1982) Lead Determination in Cerebrospinal 
Fluid. Arch. Invest. Med. 13:235-238.
Moody, J.R. and P.J. Paulsen (1988) Isotope Dilution Spark-source Mass 
Spectrometric Determination of Total Mercury in Botanical and Biological Samples. 
Analyst 113:923-927.
Absorption Spectroscopy. Anal. Biochem 135:186-192.
Morita, M. (1990) ICP-MS Application to Biological Samples. In: Trace Elements 
in Clinical Medicine, H. Tomita (Ed.), Springer-Verlag Tokyo (Pub.), 427-432.
Mulligan, K.T., T.M. Davidson and J.A. Caruso (1990) Feasibility of the Direct 
Analysis of Urine by Inductively Coupled Argon Plasma Mass Spectrometry for 
Biological Monitoring of Exposure to Metals. 7. Anal. At. Spectrom. 5:301-306.
Munro, S, L. Ebdon and D.J. M° Weeny (1986) Application of Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS) for Trace Metal Determination in Foods. J. 
Anal. At. Spectrom. 1:211-219.
Olivares, J.A. (1988) Inductively Coupled Plasma-Mass Spectrometry. Methods in 
Enzymology 158:205-221.
Olivares J.A. and R.S. Houk (1985) Ion Sampling for Inductively Coupled Plasma 
Mass Spectrometry. Anal. Chem-. 57:2674-2679.
Olivares, J.A. and R.S. Houk (1986) Suppression of Analyte Signal by Various 
Concomitant Salts in Inductively Coupled Plasma Mass Spectrometry. Anal. Chem. 
58:20-25.
Palm, R. and G. Hallmans (1982a) Zinc and Copper in Multiple Sclerosis. J. Neurol. 
Neurosurg. and Psychiat. 45:691-698.
Palm, R., and G. Hallmans (1982b) Zinc Concentrations in the Cerebrospinal Fluid 
of Normal Adults and Patients with Neurological Diseases. J. o f  Neurol. Neurosurg. 
and Psychiat. 45:685-690.
Palm, R., R. Sjostrom and G. Hallmans (1983) Optimized Atomic Absorption 
Spectrometry of Zinc in Cerebrospinal Fluid. Clin. Chem. 29(3):486-491.
Palmieri, M .D., J.S. Fritz, J.J. Thompson amd R.S. Houk (1986) Separation of 
Trace Rare Earth and Other Metals from Uranium by Liquid-Liquid Extraction with 
Quantitation by Inductively-Coupled Plasma/Mass Spectrometry. Analytica Ch.im.ica 
Acta 184:187-196.
Park, C.J., D.C. Smith and J.C. Vanloon (1990) Determination of Cu, Cr and Pb in 
NBS Serum by Inductively Coupled Plasma/Mass Spectrometry. Trace Elements in 
Medicine 7(3): 103-107.
Paul, M ., K. Prosen and U. Vollkopf (1989) The Analysis of Biological Samples by 
ICP-MS. In: Element. Concentration Cadasters in Ecosystems H. Lieth and B. 
Markert (Ed.s) 149-170.
Perkin, W ., Department of Geology, University of Aberystwyth, Personal 
Communication.
Perkin Elmer (1988) The Guide to Techniques and Applications of Atomic
2 1 2
Perl, D.P. and A.R. Brody (1980) Alzheimer’s Disease: X-ray Spectrometric 
Evidence of Aluminium Accumulation in Neurofibrillary Tangle-bearing Neurons. 
Science 208:297-299.
Plantz, M .R., J.S. Fritz, F.G. Smith and R.S. Houk (1989) Separation of Trace 
Metal Complexes for Analysis of Samples of High Salt Content by Inductively 
Coupled Plasma Mass Spectrometry. Anal. Chem. 61:149-153.
Porta, V., C. Sarzanini and E. Mentasti (1989) On-Line Preconcentration and ICP 
Determination for Trace Metal Analysis. Mikrochim. Acta 3:247-255.
Prasad, A.S. (Ed.) (1976) Trace Elements in Human Health and Disease, Volume I, 
Zinc and Copper.
Prell, L.J., C. Monnig, R.E. Harris and S.R. Koirtyohann (1985) The Role of 
Electrons in the Emission Enhancement by Easily Ionized Elements Low in the 
Inductively Coupled Plasma. Spectrochimica Acta 426:1401-1410.
Russ, G.P. and J.M. Bazan (1987) Isotopic Ratio Measurements with an Inductively 
Coupled Plasma Source Mass Spectrometer. Spectrochimica. Acta 42B:49-62.
Schuette, S., D. Vereault, B.T.G. Ting and M. Janghorbani (1988) Accurate 
Measurement of Stable Isotopes of Magnesium in Biological Materials with 
Inductively Coupled Plasma Mass Spectrometry. Analyst, 113:1837-1842.
Selby, M., R. Rezaaiyaan and G. Hieftje (1987) Effect of Easily Ionized Elements 
upon the Spatial Emission Properties of Microwave-Induced Plasmas. Appl. 
Spectroscopy 41(5):761-771.
Serfass, R.E., J.J. Thomspon and R.S. Houk (1986) Isotope Ratio Determinations by 
Inductively Coupled Plasma/Mass Spectrometry for Zinc Bioavailability Studies. 
Analytica Chimica Acta 188:73-84.
Sethi, V.K. and K.C. Agarwal (1969) Magnesium Levels in Serum and Cerebrospinal 
Fluid of Normal Children. Indian Journal Pediatrics 36:120-122.
Sheppard, B.S., W. Shen, J.A. Caruso, D .T. Heitkemper and F.L. Fricke (1990) 
Elimination of the Argon Chloride Interference on Arsenic Speciation in Inductively 
Coupled Plasma Mass Spectrometry Using Ion Chromatography. J. Anal. At. 
Spectrom. 5:431-435.
Shore, D., S.W. King, W. Kaye, E.F. Torrey, K.J. Winfrey, S.G. Potkin, D.R. 
Weinberger, J. Savory, M.R. Wills and R.J. Wyatt (1980) Serum and Cerebrospinal 
Fluid Aluminium and Circulating Parathyroid Hormone in Primary Degenerative 
(Senile) Dementia. Neurotoxicology 1:55-63.
Spectroscopy. Report, Order No. L-655C, Perkin Elmer Ltd., Bucks, UK.
213
Singh, V ., S.K. Bhattacharya, S. Sundar and J.S. Kachhawaha (1988) Zinc Levels 
in the Cerebrospinal Fluid, Serum and Urine in Acute Hepatic Encephalopathy. 
Indian Journal Medical Research 87:594-599.
Snyder, V., M.J. Cook, E.S. Nasset, L.R. Karhausen, G. Parry Howells and I.H. 
Tipton (1975) Report o f the Task Group on Reference Man, 1st ed. Headington Hill 
Hall, Pergamon Press Ltd., Oxford.
Stika, K.M. and G.H. Morrison (1981) Analytical Methods for the Mineral Content 
of Human Tissues. Fed. Proc. 40:2115-2120.
Sun, X .F., B.T.G. Ting, S.H. Zeisel and M. Janghorbani (1987) Accurate 
Measurement of Stable Isotopes of Lithium by Inductively Coupled Plasma Mass 
Spectrometry. Analyst, 112:1223-1228.
Tan, S.H. and G. Horlick (1987) Matrix-effect Observations in Inductively Coupled 
Plasma Mass Spectrometry. J. Anal. At. Spectrom. 2:745-763.
Tanner, S.D. (1991) Space Charge in ICP-MS: Calculation and Implications. Paper 
presented at the 4th Surrey Conference on Plasma Source Mass Spectrometry, July 
14th -19th, University of Surrey, Guildford, UK.
Templeton, D.M ., A, Paudyn and A.D. Baines (1988) Experience with ICP-MS in 
a Clinical Setting. Lecture, First International Conference on Plasma Source Mass 
Spectrometry, Univ. of Durham, 12-16th September.
Thompson, J.J. and R.S. Houk (1987) A Study of Internal Standardization in 
Inductively Coupled Plasma-Mass Spectrometry. Appl. Spectroscopy 41(5): 801-806.
Thompson, M. and M.H. Ramsey (1990) Extrapolation to Infinite Dilution: a Method 
for Overcoming Matrix Effects. J. Anal. At. Spectrom. 5:701-704.
Ting, B.T.G. and M. Janghorbani (1987) Application of ICP-MS to Accurate Isotopic 
Analysis for Human Metabolic Studies. Spectrochimica Acta.., 42B:21-27.
Tortora, G.J. and N.P. Anagnostakos (1987) Principles o f Anatomy and Physiology 
5th Edition, Harper and Row (Pub.), N. York.
Tramontana, C. (1948) The Presence and Importance of Iron in the Cerebrospinal 
Fluid. Bull. Soc. ital. biol. sper. 24:615-617.
Turner, P. (1993) Measurement of Isotope Ratios Using ICP-MS. In: Applications 
o f  Plasma Source Mass Spectrometry 11. G. Holland and A. Eaton (Ed.’s), Royal 
Society of Chemistry (Pub.).
Valcarcel, M. and A. Rios (1993) The Hierarchy and Relationships of Analytical 
Properties. Anal. Chem. 65(18):781A-787A.
214
Valkocic, V (1980) Analysis of Biological Materials for Trace Elements Using X-ray 
Spectroscopy. Boca Raton, CRC Press, pp 99-143.
Vandecasteele, C., H. Vanhoe and R. Dams (1993) Inductively Coupled Plasma Mass 
Spectrometry of Biological Samples. J. Anal. At. Spectrom. 8:781-786.
Vandecasteele, C., H. Vanhoe, R. Dams, L. Vanballenberghe, A. Wittoek and J. 
Versieck (1990a) Determination of Strontium in Human Serum by Inductively 
Coupled Plasma Mass Spectrometry and Neutron Activation Analysis: A Comparison. 
Talanta 37:819-823.
Vandescasteele, C., H. Vanhoe, R. Dams and J. Versieck (1990b) Determination of 
Bromine in Human Serum by Inductively Coupled Plasma-Mass Spectrometry. Anal. 
Lett. 23(10): 1827-1841.
Vanhoe, H. and Dams (1991) Capabilities of ICP-MS for Trace Element Analysis in 
Body Fluids and Tissues. Invited Lecture, 6* International Workshop on Trace 
Element Analytical Chemistry in Medicine and Biology, Apr. 24-26 Neuherberg, 
Munich.
Vanhoe, H ., C. Vandecasteele, J. Versieck and R. Dams (1989a) Determination of 
Iron, Cobalt, Copper, Zinc, Rubidium, Molybdenum and Cesium in Human Serum 
by Inductively Coupled Plasma Mass Spectrometry. Anal. Chem. 61:1851-1857.
Vanhoe, H ., C. Vandecasteele, J. Versieck and R. Dams (1989b) Evaluation of ICP- 
MS for the Determination of Trace and Ultra-Trace Elements in Human Serum after 
Simple Dilution. In: Plasma Source Mass Spectrometry Ed., K.E. Jarvis, A.L. Gray,
I. Jarvis and J. Williams. Pub. Royal Soc. Chem., Cambridge pp 94-119.
Vanhoe, H ., C. Vandecasteele, J. Versieck and R. Dams (1991) Determination of 
Lithium in Biological Samples by Inductively Coupled Plasma Mass Spectrometry. 
Anal. Chim. Acta. 244:259-267.
Versiek, J and R. Cornelis (1989) Trace Elements in Human Plasma or Serum. CRC 
Press (Pub.), Florida.
Vogel, A.L (1981) Textbook o f Quantitative Inorganic Analysis Including Elementary 
Instmmental Analysis 4th Edition. Revised by J. Bassett, R.C. Denney, G.H. Jeffery 
and J. Mendham. Longman (Pub.), London.
Von Holst, H. and T. Mathiesen (1990) Electrolyte Concentrations in Serum and CSF 
Following Subarachoid Haemorrage. British J . Neurosurgery 4:123-126.
Vaughan, M ., G. Horlick and S.H. Tan (1987) Effect of Operating Parameters on 
Analyte Signals in Inductively Coupled Plasma Mass Spectrometry. J. Anal. At. 
Spectrom. 2:765-772.
Vela, N.P. and J.A. Caruso (1993) Potential of Liquid Chromatography-Inductively
2 1 5
Coupled Plasma Mass Spectrometry for Trace Metal Speciation. J. Anal. At. 
Spectrom. 8:787-794.
Walton, K.G. and R.J. Baldessarini (1976) Effect of Mn2+ and Other Divalent 
Cations on Adenylate Cyclase Activity in Rat Brain. J. Neurochem. 27(2):557-564.
Wang, J., W-L. Shen, B.S. Sheppard, E.H. Evans, J.A. Caruso and F.L. Fricke 
(1990) Effect of Ion-lens Tuning and Flow Injection on Non-spectroscopic Matrix 
Interfemces in Inductively Coupled Plasma Mass Spectrometry. J. Anal. At. 
Spectrom. 5:445-449.
Ward, N.I. (1986) Multi-element Analysis of Urine by Neutron Activation Analysis. 
Application to Starvation and Aneroxia Nervosa. J. Micronutr. Anal. 2:223-243.
Ward, N.I. (1987) Digestion Vessel Danger. International Analyst 3:7
Ward, N.I. (1991) Multielement Tissue Status of Sows Exposed to Aluminium in 
North Cornwall as a Result of the Lowermoor Water Treatment Work Incident. In: 
Trace Elements in Man and Animals 7, B. Momcilovic (Ed.), IMI (Pub.) pp 23-1 to 
23-2.
Ward, N.I. (1993) Boron Levels in Human Tissues and Fluids. Eighth International 
Symposium on Trace Elements in Man and Animals TEMA-8. May 16^-21st, Dresden 
Germany Abstract 273L.
Ward, N.I. and F.R. Abou-Shakra (1993) Rubidium Levels in Human Tissues and 
Fluids. Eighth International Symposium on Trace Elements in Man and Animals 
TEMA-8. May l b ^ l 81, Dresden Germany Abstract 11L.
Ward, N .I., F.R. Abou-Shakra and S.F. Durrant (1990) Trace Elemental Content of 
Biological Materials A Comparison of NAA and ICP-MS Analysis. In: Biological 
Trace Element Research G.N. Schrauzer (Ed.), The Humana Press Inc. (Pub.) pp 
177-187.
Ward, N.I. and D. Bryce-Smith (1993) Lead, Cadmium and Zinc Levels in Relation 
to Fetal Development and Abnormalities (Stillbirths; Spina Bifida and 
Hydrocephalus). In: Heavy Metals in the Environment Vol. 2 Toronto Spetember 1993 
pp 280-284.
Ward, N.I. and D.E. Ryan (1979) Trace Analysis of Blood by Neutron Activation 
Analysis. Anal. Chim. Acta 105:185-197.
Ward, N .I., R. Stephens, D.E. Ryan (1979) Comparison of Three Analytical 
Methods for Trace Element Analysis of Whole Blood. Anal. Chim. Acta 110:9-19.
Ward, N.I. and N. Walker (1989) Geographical Level of Trace Elements in British 
Water by ICP-MS. In: Heavy Metals in the Environment. Vol.l, Geneva, pp 192-195.
2 1 6
Ward, N.I., N. Walker, A.E. Ward and M.A. Hall (1988) Trace Element Status of 
Cerebrospinal Fluid of Individuals with Neurological Diseases by ICP-MS. 
Proceedings o f the Fifth International Workshop Neuherberg Federal Republic 
Germany Walter de Gruyter Berlin (Pub.) P. Bratter P. Schramel (Ed.) 5:513-520.
West, E.S., H.S. Mason, W.R. Todd and J.T. Van Bruggen (1967). Textbook o f  
Biochemistry 4th Edition, Collier-MacMillan Ltd (Pub.), London.
Weston and Howard (1922) Determination of Na, K, Ca and Mg in the Blood and 
Spinal Fluid of Patients with Manic-Depressive Insanity Arch. Neurol, and Psychiat. 
8:179-83
Whittaker, P.G., J.F.R. Barrett and J.G. Williams (1992) Precise Determination of 
Iron Isotope Ratios in Whole Blood Using Inductively Coupled Plasma Mass 
Spectrometry. J. Anal. At. Spectrom. 7:109-113.
Whittaker, P.G ., T. Lind, J.G. Willaims and A.L. Gray (1989) Inductively Coupled 
Plasma Mass Spectrometric Determination of the Absorption of Iron in Normal 
Women. Analyst 114:675-678.
Williams, J.G. (1989) Inductively Coupled Plasma Mass Spectrometry, Analytical 
Methodology and Capability. PhD Dissertation, Univ. of Surrey, Guildford, UK.
Williams J.G. and A.L. Gray (1988) High Dissolved Solids and ICP-MS: Are They 
Compatible? Anal. Procceedings 25:385-388.
Wilson, D.A., G.A. Vickers, G.M. Hieftje and A.T. Zander (1987) Analytical 
Characteristics of an Inductively Coupled Plasma-Mass Spectrometer. Spectrochimica 
Acta 42B:29~38.
Wood, J.H. (1980) (Ed.) Neurobiology o f  Cerebrospinal Fluid. Plenum Press (Pub.), 
New York and London.
Woodbury, J., K. Lyons, R. Carretta, A. Hahn and F. Sullivan (1968) Cerebrospinal 
Fluid and Serum Levels of Magnesium, Zinc and Calcium in Man. Neurology 
18:700-705.
Yadegarian Hadji Abadi, L. and N.I. Ward (1987) Elemental Brain Status of Human 
Stillbirths using ICP-MS presented at 2nd Nordic Symposium on Trace Elements in 
Human Health and Disease, Odense, Denmark
Zhu, G. and R.F. Browner (1987) Investigations of Experimental Parameters with a 
Quadrupole ICP/MS. Appl. Spectroscopy 41 (3): 349-359.
217
UNIVERSITY OF S U R R E Y  LIBRARY
